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ABSTRACT

DOUBLE-NETWORK MATERIALS VIA
FRONTAL POLYMERIZATION & SUPERCRITICAL CO2 PROCESSING
MAY 2019
MATTHEW JOSEPH LAMPE
B.S., IOWA STATE UNIVERSITY
M.A., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Alan J. Lesser
This dissertation presents work focused on producing materials in non-equilibrium
states by taking advantage of novel processing techniques. First, epoxy-based resins which
can undergo radically promoted, cationic, thermal, frontal polymerization are investigated
for their potential use as adhesives. These resins are found to be capable of sustaining
propagating polymerization fronts between several different substrate materials, resulting
in high levels of adhesion in some cases. In addition, a similar frontal resin was developed
that can undergo sequential gelation and frontal polymerization. The gels are formed by
radically crosslinking acrylate monomers within the epoxy resin. These gels can then be
manipulated, and subsequently frontally polymerized into cross-linked glassy materials.
This resin system shows a high degree of stability at room temperature in both the liquid
and gelled state. A model was developed to describe the temperature and propagation rate
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of the front. The resin was also used to produce gelled carbon fiber composites which can
be crosslinked with global heating, or frontal polymerization, forming cured composites.
Supercritical CO2 (scCO2) was investigated to produce double-network materials
from polyamide 6 (PA6) substrates. The scCO2 was used, in combination with methanol,
as a solvent to diffuse and polymerize styrene within the amorphous regions of PA6. These
PA6/Polystyrene double-network materials are found to have significantly different
mechanical and sintering properties compared to PA6. It was also found that the PA6 and
Polystyrene are not just trapped via molecular entanglements, but are covalently bound, as
demonstrated by changes in solubility of the double-network material with varying
polystyrene content. Finally, the same scCO2 method was used to diffuse and polymerize
mixtures of blocked isocyanate and hydroxy functional methacrylate monomers within
PA6. This was performed in an attempt to create a blend with latent functionality that could
crosslink under sintering conditions used in selective laser sintering (SLS). It was found
that, while deblocking of the isocyanates is evident at temperatures below the melting
temperature of the double-network materials, no crosslinking is evident. However, when
the material was held above its melting temperature, an increase in modulus and
temperature at failure suggest that some degree of crosslinking may have occurred.
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CHAPTER 1
FRONTALLY POLYMERIZABLE EPOXY ADHESIVE SYSTEMS
1.1 Introduction
1.1.1 Motivation
Epoxies are ubiquitous in the field of adhesion. They are used in a variety of
applications spanning industrial adhesives, to household glues, to medical adhesives. Many
of these systems use two component epoxy/amine curing, but in some situations other
chemistries and curing mechanisms are desirable. Some examples include one potadhesives, ultraviolet cured coatings, and dental adhesives. In all of these examples, one of
the methods used to create the desired system is to use cationic ring opening of the epoxide
groups.1 In cationic ring opening polymerization, the epoxides react with one another
forming linear polyether chains. In this way, polymers can be formed without the need for
amine functional comonomers. Additionally, there are many latent cationic initiators that
can be used to create stable one-pot formulations.2
Ultraviolet (UV) radiation is one common energy source used to initiate cationic
polymerization of epoxies and other cyclic ethers.3 The UV interacts with the cationic
initiator, creating the active cation that propagates down the growing polymer chain. There
are several advantages that UV cured cationic epoxies have in relation to thermally cured
epoxies. For example, they typically require less energy and can cure very rapidly in thin
layers. Additionally, UV cured cationic epoxies have a distinct advantage over many other
UV cured resins in that they can cure at depth. The cation formed in these systems is
persistent and even after the UV radiation source has been removed the cationic chain-ends
1

can continue to propagate and
the molecular weight of the
polymers will continue to
grow4 creating the so called
“dark cure”. In some cases,
this even allows for curing
underneath components that Figure 1: Dark curing of cationically polymerizing epoxy.
after the source of the UV
may block the UV as shown Chain growth can occur even
5
radiation has been removed.
5
in Figure 1.
Another advantage that UV cured cationic epoxies have over many other UV cured
coatings is their minimal cure shrink.6 When the ring opening reaction of the epoxide
occurs, there is an in increase in free volume which allows for the system to shrink less
during curing than a comparable UV cured acrylic system. This has enabled UV cured
cationic epoxies to be used in adhesive applications that require low residual stress
following cure such as dental applications.6
While there are many advantages to using UV cured cationic epoxies in adhesive
systems, there are some distinct drawbacks as well. The UV curing process, while fast for
thin layers, can be quite slow for thick components. Additionally, substrates that are opaque
to UV radiation are very difficult to bond using this method. The motivation for this work
will be to determine if cationic thermal frontal polymerization (FP) can be used to mitigate
these drawbacks and create a cationically cured epoxy resin that can retain the advantages
and adhesive properties of the UV cured cationic epoxies while additionally curing quickly
and at large depths.
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1.1.2 Background
Frontal polymerization (FP) is a term used to describe polymerizations that occur
in a spatially propagating manner as shown in Figure 2.7There are three primary types of
FP: 1) thermal FP, where the propagating front is driven by the heat released during
reaction8, 2) photo FP, where the spatially propagating reaction is created through the
application of an external ultraviolet (UV) source and the subsequent photobleaching of a
UV initiator allowing for curing at depth9, and 3) isothermal FP, which takes advantage of
the Norrish–Trommsdorff effect.10 FP has been shown to occur in liquid8, gelled11-13, and
solid systems.14 Additionally, FP has been demonstrated in many materials using a variety
of curing methods including free radical polymerization of acrylics8, cationic curing of
epoxies15-16, anionic polymerization of caprolactam17, addition curing of polyurethanes18,
and ring-opening of dicyclopentadiene.19-20

Figure 2: Frontal polymerization is polymerization that propagates from a point of
initiation. It has been demonstrated using a number of monomer systems and
polymerization mechanisms.7
Many reports concerning FP have been published since the technique was first
described by Chechilo21 in the early 1970’s, and while in many of these publications the
topic of using the FP resin as an adhesive is mentioned, published literature on the actual
adhesive properties of FP resins is relatively scarce. One example is from the Pojman
3

group, which discusses using an acrylic FP resin as a wood adhesive while examining the
effect of various formulations and fillers.22 It was found that the acrylic resin used in the
study was sufficient to adhere the wood substrates together and that varying the type and
functionality of the monomers used had a large effect on the final adhesive strength.
The use of cationically FP epoxies as adhesives will be investigated in this work.
Additionally, the tested epoxy resins will also contain diglycidyl ether of bisphenol A
(DGEBA) as a component monomer. This monomer is used in many epoxy formulations,
where it provides both adhesive strength as well as improved corrosion resistance.2 It is not
typically used in cationically curing systems since it is not very active to cationic
polymerization1, however, with the addition of TPED as a co-initiator in the cationic
system, the DGEBA can be an active participant in the cationic thermal FP.
The use of TPED in the cationic FP of DGEBA and other epoxide and glycidyl
ether containing species was first published by Bomze and Liska et al.15-16 The TPED was
used in this system as a thermal radical generator that promotes the cationic FP. The
combination of a cationic onium salt initiator with the TPED was described as an initiator
package that allowed for the cationic FP of systems which would normally have
insufficient reactivity to support FP. The suspected mechanism is shown in Figure 3. This
cationic thermal FP initiation system was also shown to be robust and tolerant of large
variation in the monomers used, assuming those monomers were cationically active and
would release enough energy to allow the front to propagate. For these reasons it was
chosen as the basis for the chemistry of this study.
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Figure 3: Proposed mechanism of radically promoted thermal frontal polymerization, with
TPED as a co-initiator. Following the initiation of cationic chain growth of the epoxy
functional groups, the polymerization occurs as a typical cationic polymerization, with a
portion of the released energy being used by the TPED to create new radicals.
The main scientific question addressed in this research was to determine if epoxy
formulations that cure using cationic thermal FP can be used as adhesives. To help answer
this we investigated both the individual monomers as well as their mixtures for their ability
to frontally polymerize, and the amount and speed with which their energy was released.
The specific questions addressed herein include whether or not formulations made from
these monomers can adhere various substrates together. The research strategy for testing
involved the implementation of a single lap shear geometry together with an analysis that
allows for different substrates to be adhered to one another. We use this analysis to first
identify one, or more substrates that are transparent where we also have relatively high
adhesion. In doing so, we can then alter the other substate that is not transparent and still
observe how the frontal polymerization progresses as well as how delamination of the
adhesive occurs during testing. The differences, if any, of initiating FP with either thermal
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energy or UV radiation, as shown in Figure 3, are also investigated. Finally, the interfaces
of any adhered substrates are examined to determine the mechanism(s) for adhesion.

1.2 Experimental Details
1.2.1 Materials and Formulation
3,4-epoxycyclohexylmethyl 3,4-epoxycyclohexanecarboxylate (ECC), glycerol
diglycidyl ether, neopentyl glycol diglycidyl ether, poly(propylene glycol) diglycidyl ether
, 1,4-butanediol diglycidyl ether, epoxy functionalized, hydroxy terminated polybutadiene
(e-PBD), and 1,1,2,2-tetraphenyl-1,2-ethanediol (TPED), were all purchased from
MilliporeSigma. DGEBA (DER 332) was purchased from Olin Epoxy, 1,4Cyclohexanedimethanol diglycidyl ether was purchased from Carbosynth Ltd., and p(octyloxyphenyl) phenyliodonium hexafluoroantimonate ([IOC8]+[SbF6]-) was purchased
from Gelest. All materials were used as supplied, without further purification. Additionally,
all substrates, including polycarbonate (PC), polymethylmethacrylate (PMMA),
polypropylene (PP), polyamide 6,6 (PA66), marine-grade plywood, brass, aluminum, and
steel, were purchased from McMaster-Carr.
Samples of individual monomers as well as combined formulations were created in
amber scintillation vials in a stirring well. To create samples from individual monomers,
the required amounts of [IOC8]+[SbF6]- and TPED were added to the monomers as powders
and mixed in dark conditions for the minimum amount of time and temperature to achieve
a homogeneous solution. For most samples, the monomers were of low enough viscosity
and high enough solubility that room temperature mixing for one hour was sufficient.
However, in samples made with ECC, a temperature of 40ºC was necessary to allow the
6

initiators to dissolve within one hour, and for DGEBA samples a temperature of 70ºC was
necessary. For mixed adhesive formulations which contained DGEBA, the initiators were
first dissolved in the lower viscosity monomers and then DGEBA added following
dissolution. For example, for the case of the typical adhesive formulation, the initiators
were dissolved in ECC at 40ºC for one hour and then the DGEBA was added and mixed at
room temperature. All samples were then kept in dark conditions, at room temperature, in
the absence of UV light until testing. When testing, FP was initiated thermally using the
tip of a soldering iron at a controlled temperature or via UV irradiation using a Lumen
Dynamics OmniCure S1500 UV source set at 50% intensity with a 250-450 nm filter at a
distance of approximately 1 cm.
1.2.2 Thermal Analysis
In order to form a baseline for comparison of the individual monomers, an
understanding was required of the amount of energy released by each monomer (Figure 4)
as it frontally cures, how fast that energy is released, as well as the effect of varying the
amount of initiators used. To determine this, a TA Instruments model Q200 Differential
Scanning Calorimeter (DSC) was used. Samples of 3-6 mg of the liquid solutions were
placed in hermetically sealed pans and subjected to temperature scans at 10ºK/min from
0ºC to 200ºC. The exotherm temperature range, peak exotherm temperature, peak exotherm
power, and the total energy released per unit mass during the exotherm was recorded. The
thermal degradation profiles were also determined for each sample using a model Q50
Thermogravimetric Analyzer (TGA) with approximately 10 mg sample sizes and
temperature ramps from 20ºC to 800ºC at 10ºK/min.
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Figure 4: Monomers to be investigated for their thermal properties with respect to FP.
1.2.3 Adhesion Testing
To test the adhesive properties of the resin, single lap shear testing was used. In this
method, two test coupons of substrate material were adhered together by the adhesive being
tested as shown in Figure 5. The testing was performed using an Instron 5500R Mechanical
Tester. Testing was performed in tension with a tensile displacement rate of 1 mm/min. All
substrates tested in this study were 25.4 mm in width and 76.2 mm in length with the
variable dimensions being the length of the adhered region as well as the thickness of the
bond line. To minimize any possible offset in the axes during testing, the samples were
fabricated with holes in the substrates as shown in Figure 5. The samples were attached to
the Instron with cylindrical pegs having a similar diameter as the holes in the substrates.
These pegs transferred the tensile load to the sample. All samples were tested in tension
until failure.
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X=0
X=L
Length of Bond

Thickness of Bond
Figure 5: Lap Shear Geometry. Two substrates are adhered together by an adhesive joint
that can be varied in both thickness and length to determine the adhesive properties of the
frontal resin.
Samples were produced by slotting the substrates into a U-shaped polyethylene
channel with a shim used to dictate the final adhesive bond thickness as shown in Figure
6. The sample jig was placed at an angle of approximately 45º and adhesive was applied to
the bottom substrate while the top substrate was slowly pushed upward until the correct
adhesive bond length was achieved. The substrates were then clamped in place to avoid
movement during FP. FP was initiated in the top corner of the sample and allowed to
propagate. When FP was completed the sample was allowed to sit undisturbed for a
minimum of ten minutes to cool to room temperature before removal from the jig.
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Figure 6: Depiction of sample production jig. Sides of U-channel removed to visualize
substrates and the shim that is used to dictate adhesive thickness.
1.2.4 Shear Lag Equations
To better monitor the propagation of the FP in the lap shear samples, it was
desirable to have one of the substrates be transparent. This allowed for determination of
front completion, as well as visualizing any possible bubbles that developed in the
adhesive. However, many of the substrates that were evaluated were not transparent.
Therefore, it was convenient to use equations to describe the stress distribution in the lap
shear geometry that allow for two different substrates to be used on the same sample. To
accomplish this, equations which consider variation in substrate thickness, width, length,
and composition were used. Equations based on the Shear Lag Model which satisfy these
requirements can be seen in Equations 1-5.23
τ = C1 cosh(ωx) + C2 sinh(ωx)
ω2 =
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Where τ is the shear stress in the adhesive, ω is the stiffness ratio of shear/axial, G3
is the shear modulus of the adhesive, b is the width of the sample, A1 and A2 are the crosssectional areas of the two substrates, E1 and E2 are the tensile moduli of the two substrates,
t3 is the thickness of the adhesive bond, P is the uniaxial load on the system, L is the bond
length, Pmax is the load at failure, and 𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚 is the bond line shear strength at failure. These

equations can be used to determine the state of shear stress within the adhesive joint at
varying loads.
1.2.5 UV vs. Thermal Initiation
As depicted in Figure 3, the FP can be initiated via either application of thermal
energy or UV irradiation. It is foreseeable that if this adhesive resin is used industrially that
either thermal or UV initiation may be used depending on the system being adhered. One
of the goals of this study was to determine if there are significant differences in the
properties of the cured resin depending on the method of front initiation. To test this, lap
shear samples were produced with identical substrates and dimensions and then initiated
with each method. The adhesive strength was then tested as discussed in section 1.2.3 and
the samples compared. Additionally, samples of frontally cured resin were created that
were not adhered to any surface. These cured samples were subjected to a thermal ramp in
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the DSC to detect any differences in the thermal properties, including Tg, that might be
caused by variation in the initiation method. Samples of these cured resins were also cut
and polished into thin strips and tested for their mechanical properties through a heating
ramp using a TA Instruments model Q800 Dynamic Mechanical Analyzer (DMA). This
testing was done with samples of approximately 3 mm width, 1.5 mm thickness, and 9.5
mm length between the grips, under 0.01 N normal tensile force and a frequency of 1 Hz
with amplitude 1 N. Finally, the two cured samples were tested via attenuated total
reflectance Fourier-transform infrared spectroscopy (FTIR) using a Perkin Elmer Spectrum
One spectrometer with an attached Universal ATR Sampling Accessory. This data was
compared to determine if there were significant chemical differences between the cured
resins.
1.2.6 Interfacial Testing
To gain a better understanding of what is causing adhesion in these systems, lap
shear samples were cross sectioned and polished. The resulting samples were visualized
and photographed with a stereomicroscope under crossed polarizing filters. In addition,
liquid nitrogen was used to shock the adhesive interface and cause delamination. These
delaminated samples were tested at their adhesive interfaces for surface texture using a
Veeco Dektak 150 profilometer.
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1.3 Results and Discussion
1.3.1 Thermal Analysis
To begin studying the thermal properties, as well as the applicability for frontal
polymerization of the individual monomers, 1% by mass [IOC8]+[SbF6]- and 2% by mass
TPED were dissolved in each monomer as described in section 1.2.1. These monomers
were then tested via TGA and DSC. The results of the TGA testing can be seen in Figure
7.

Figure 7: TGA results of individual monomer solutions. Samples show inflection point and
drop in mass at the onset of frontal polymerization.
As can be seen from the TGA results, each of the monomers show an inflection
point at a specific temperature. These inflection points are also accompanied by a drop in
mass, both of which vary by monomer. These drops indicate mass loss during frontal
polymerization and take place in the range of where the front onset would be. This allows
TGA to be a viable method for determining the front onset temperature for a resin system.
Additionally, TGA was a good screening method for resins. If too much mass was lost
during FP, then it is likely that undesirable effects, such as foaming or large amounts of
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cure shrinking would occur. In fact, the amount of mass lost by PPGDGE was sufficient
that it was excluded from the monomers tested by DSC.
While the TGA was able to give an idea of both the onset temperature for FP, as
well as the mass loss, it fails to provide any information on the amount of energy that is
released, or how fast that energy is released. Differential scanning calorimetry is able to
shed light on these values. Testing was performed on the same set of monomer solutions,
minus the PPGDGE, from 0ºC to 200ºC. The results are displayed in Figure 8.

DGEBA
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PBD-Epoxy-OH
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Figure 8: DSC results of individual monomer solutions. The height, temperature, and total
energy release per gram is depicted with respect to each monomer.
The results show that there is a broad range of both peak heights and shapes among
the monomer solutions. The data, including total energy released, is tabulated in Table 1.
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Table 1: Tabulated results from DSC showing the various properties of the individual
monomer solutions.
Sample

Peak Temp
(ºC)

Peak Height
(W/g)

Onset Temp
(ºC)

Energy/Gram
(J/g)

DGEBA

134.6

2.08

109

576

ECC

102.7

4.36

91

653

BDDGE

103.7

25.6

80

911

GDGE

121.6

22.2

102

675

CHDE

106.5

10.2

85

592

PBD

134.2

4.8

96

400

It is interesting to note that while several of the monomers showed sharper, taller
peaks this did not necessarily correlate to higher total energy release per gram. A good
example is GDGE and ECC. Glycerol diglycidyl ether had a significantly taller and sharper
exotherm than ECC, but their total energy released is similar, and ECC had both a lower
onset temperature, as well as a lower primary peak temperature, possibly indicating that
FP would proceed at a lower temperature with ECC as compared to GDGE.
A base adhesive resin was formulated based on several criteria including the
information in Table 1, availability, cost, and commercial applicability. The resin consisted
of 60% by mass ECC, 40% by mass DGEBA, as well as 2% by mass of both [IOC8]+[SbF6]and TPED. The extra 1% by mass of [IOC8]+[SbF6]- was included because it was found
qualitatively to give the most reproducible results with respect to front propagation when
polymerizing in thin layers between substrates. As the gap between substrates dropped
below 2 mm, the resin with only 1% [IOC8]+[SbF6]- did not always completely polymerize
because the front would stop prematurely. With 2% [IOC8]+[SbF6]- this was not an issue.
The DGEBA was used because it is a very common commercial monomer and is used in
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many adhesive formulations.15 ECC was used because it is a commonly used monomer in
cationic formulations, including coatings2, and has a low front onset temperature, as well
as a higher total energy released per gram compared to DGEBA. In order to determine if
the results from the monomer testing could be correlated to mixed systems, a set of DSC
experiments were performed in which 60% of the ECC monomer solution and 40% of the
DGEBA monomer solution were mixed and polymerized under the same conditions in the
DSC. In addition, the adhesive resin, with the extra 1% [IOC8]+[SbF6]-, was also
polymerized and the results compared to the original monomers as shown in Figure 9.

Figure 9: Left) Comparison of individual monomer solutions with the mixture of the two
solutions. Right) Comparison of the mixed monomer solution shown on left, with the
adhesive resin formulation (also 60/40 ECC/DGEBA), which includes an extra 1% by mass
[IOC8]+[SbF6]-.
As can be seen from Figure 9, the combined 60/40 mixture appears to be an addition
of the two separate monomer peaks, and in fact has even seemingly shifted the DGEBA
peak to lower temperatures. This plays out in the total energy release per gram as well. The
60/40 mixture gave a value of 603 J/g, and if the energy values for monomers ECC and
DGEBA are multiplied by their percentages in the mixture, 60% and 40% respectively, and
16

added the result is 622 J/g. Additionally, it was found that adding the extra 1%
[IOC8]+[SbF6]- did not have a large effect on the total energy released, which was 623 J/g
for the adhesive resin. This can be seen in Figure 9 which shows overlap of the two
exotherms, with a slight increase in the first peak for the adhesive resin. All these results
combined indicate that testing individual monomers and extrapolating the properties of
mixed systems is a viable way to estimate the total energy released per gram as well as the
onset temperatures for those mixed systems.
1.3.2 Adhesion Testing
Inorganic glass was the first substrate tested for adhesion since it is transparent and
epoxy formulations typically adhere very well to this material. It was found that while the
adhesive did frontally polymerize between the glass substrates at a thickness of 1.6 mm,
and did adhere the glass, glass substrates could not be tested using the lap shear geometry
because the glass would fracture at very low loads, or during loading into the grips because
of its brittle nature. Rather than changing test geometry, polycarbonate (PC) was chosen as
a clear substrate to test for adhesion. It was found that PC was well adhered by the frontal
adhesive. It was then chosen as the material to compare other substrates to, and the results
of these tests can be seen in Table 2.
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Table 2: Results of adhesion testing on various substrates.
Substrate
Adhesive
Curing
Substrates
Thickness (mm) Thickness (mm) Method
PC-PC
9.5
1.6
UV
PC-PMMA
9.5
1.6
UV
PC-Plywood
9.5
1.6
UV
UV and
PC-PA66
Several
Several
Thermal
UV and
PC-PP
4.8
Several
Thermal
PC-Epoxy
4.8 - 3.2
3.2
UV
PC9.5 - 1.6
1.6
UV
Aluminum
PC-Brass
9.5 - 1.6
1.6
UV
PC-Steel
Several
3.2
UV

Thermal
Shield
Yes
Yes
Yes

Average Max
Load (N)
2474
1557
1347

Yes

No Adhesion

Yes

No Adhesion

Yes

No Adhesion

Yes

No Adhesion

Yes
Yes

No Adhesion
No Adhesion

The minimum thickness for the adhesive that resulted in reproducible and fully
propagating fronts was found to be approximately 1.6 mm for all substrates tested. It was
also found that several materials, PC, PMMA, and plywood, in addition to inorganic glass,
were all adhered by the frontal adhesive. However, there were several materials that were
not well adhered, these included PA66, PP, epoxy and metallic substrates. For substrates
that did not adhere, typically a thin layer of liquid resin existed, following FP, between the
cured adhesive and the substrate as shown in Figure 10. This liquid layer caused the
samples to easily come apart.
Uncured Resin Layer
Non-Adhering Substrate
Figure 10: A liquid layer was present in samples that did not show adhesion. This liquid
layer causes the samples to easily come apart.

18

For the case of PA66, this residual uncured resin was tested via FTIR and compared
with uncured base resin, the results of which are shown in Figure 11.
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Figure 11: FTIR results comparing the uncured adhesive resin with the residual liquid that
remains on the non-adhering PA66 substrates after both thermal and UV initiation of the
front.
The figure shows that the residual resin matches quite well with uncured resin, as
expected. This indicates that the adhesive is simply not polymerizing all the way to the
interface with the substrate. The question is, why does the adhesive adhere so well to some
substrates and not to others? In metallic substrates this could easily be due to differences
in thermal conductivity. Because metals have a significantly higher thermal conductivity
than polymeric substrates24 they may act as thermal wells and draw the heat away from the
moving reaction front. If this effect is sufficient, it would be able to cause the front to
extinguish before it has reached the substrate. This explanation does not, however, make
clear why some polymeric substrates also show this layer of uncured resin. It is possible
that this effect is substrate specific, in that there may not be a single explanation, but rather
many causes for the same effect. One example of this, which may apply to the PP as well
as the PA66 samples, is that because these are commercially sourced materials, they may
19

contain radical inhibitors which would normally be used to mitigate certain aging
mechanisms, but in this case may be diffusing into the resin and inhibiting the radicals
produced by the TPED that promote frontal polymerization.
For well adhered substrates, it was found that during testing with the single lap
shear geometry that all samples failed via brittle fracture as depicted in Figure 12 where
the load rises linearly and then swiftly drops to zero following fracture. However, this
brittle fracture did not take place at the adhesive interface, rather, for all samples, via
fracture of the substrate. In samples of both PC and PMMA substrates, this manifested as
brittle fracture at or near where the substrate met the adhesive joint as shown in Figure 13.
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Figure 12: Representative Load/Displacement curve for a single lap shear sample using PC
as both substrates. The plot shows brittle fracture.
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Figure 13: Sample following tensile testing. The location of fracture, as with all tested PC
and PMMA samples, is in the substrate, near where it meets the adhesive bond.
To rule out this substrate fracture being caused by a thermal effect from the
soldering iron used to initiate the front, which was always set to a higher temperature than
the Tg of the PC, a thermal shield was employed on all samples. This thermal shield
consisted of an aluminum tape with fiberglass backing and a silicone adhesive. This tape
both spread the heat and kept it from diffusing into the PC or PMMA. However, the use of
the tape did not mitigate the fracture of the substrate. Thermal causes were further ruled
out when UV initiation was substituted for thermal initiation and the substrate was still the
point of failure. Additionally, it was considered that the frontal adhesive itself was causing
environmental stress cracking in the PC which was resulting in the substrate fracture under
load. This was tested by applying a 25.4 mm by 25.4 mm by 1.6 mm adhesive pad on top
of a substrate sample and then testing the sample to failure as shown in Figure 14.

21

7000
6000

Load (N)

5000
4000
3000
2000
1000
0

Control
Adhesive
0

1

2

3

4

5

6

7

8

9

10 11 12 13 14 15

Extension (mm)

Figure 14: Left) Images of both control sample, and sample with FP adhesive adhered to
the surface. Both samples are 9.5 mm thick, 25.4 mm wide and 76.2 mm long. Right)
Load/Displacement curve of both samples showing no indication of environment stress
cracking caused by the adhesive.
As can be seen from the figure, the sample with the adhesive pad does not show a
significant difference in its failure mechanism as compared to the control sample. This
indicates that environmental stress cracking is not the cause of the substrate fracture.
It is well known that single lap shear geometry can, because of the offset of the two
substrates, cause not only tension in the sample but also a small amount of bending25-26,
which can result in mixed mode fracture. Based on the results of the previous tests, it is
expected that it is this mixed mode of both tension and bending, Mode II and Mode I
respectively, that is the cause of the brittle fracture of the substrates.
In addition to the polymeric substrates, the plywood substrate also failed nonadhesively. In the case of plywood, the samples failed cohesively within the plywood. This
caused a layer of plywood to delaminate and remain on the adhesive as shown in Figure
15.
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Figure 15: Fractured sample consisting of mixed PC-Plywood substrates. Fracture did
occur parallel to adhesive interface but shows cohesive failure of the plywood, evidenced
by the wood grain still visible on the adhesive.
1.3.3 Shear Lag Analysis
To develop a better understanding of the adhesive strength in well-adhered
substrates, the shear lag model defined in section 1.2.4 was used to determine the maximum
shear stress at failure, 𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚 . Because of the previously discussed issue of fracture in the
substrates before adhesive failure, as well as cohesive failure in the plywood, all results
listed are values at which the substrates failed. These values are therefore not indicative of
the maximum adhesive strength, but rather of lower bound values that the adhesive strength
is greater than.
In order to use the model, the shear modulus of the adhesive is required. This value
was approximated by using the complex modulus found via DMA (shown in Figure 17) as
well as an approximation for Poisson’s Ratio of 0.35, which is a common value for highly
crosslinked epoxies.27 These values can be used as shown in Equation 6 to estimate the
shear modulus.
𝐸𝐸 ∗

2.375 𝐺𝐺𝐺𝐺𝐺𝐺

3
𝐺𝐺3 ≈ 2(1+𝑣𝑣)
= 2(1+0.35) = 0.88 𝐺𝐺𝐺𝐺𝐺𝐺

23

(6)

Where 𝐸𝐸3∗ is the complex modulus of the adhesive and 𝑣𝑣 is the Poisson’s Ratio. The

resulting shear modulus of 0.88 GPa was used in Equation 5 to determine the maximum
shear stress (𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚 ) that occurs when the substrate fractures. These values are then

compared with the values for stress obtained by simply dividing the maximum load by the
total adhered surface area. The results for the mixed substrate samples that showed
adhesion are listed in Table 3. The moduli values used for PC28, PMMA28, and plywood29
are 2.6 GPa, 2.9 GPa, and 7.8 GPa respectively.
Table 3: Testing results of mixed substrate samples. Table shows the maximum shear stress
results calculated from the shear lag model.
τMax @
Substrate Adhesive
Average Load/Area
Curing Thermal
Substrates Thickness Thickness
Max
@ Failure Failure from
Method Shield
Model
(mm)
(mm)
Load (N) (MPa)
(MPA)
PC-PC
9.5
1.6
UV
Yes
2474
3.83
10.40
PC-PMMA
9.5
1.6
UV
Yes
1557
2.41
6.72
PC-Plywood
9.5
1.6
UV
Yes
1347
2.09
6.93
As the table shows, the PC-PC samples demonstrated the highest loads and
resulting shear stress values. In both of the other samples, while PC was used as one of the
substrates, it was the other substrate, whether PMMA or plywood, that failed. Therefore,
these values are more representative of the strength of the substrate rather than adhesive
strength, but they do demonstrate that the cured resin has enough adhesive strength to
maintain adhesion, in this geometry, even exceeding the strength of all of the substrates.
Polycarbonate as a substrate was further investigated to determine if a set of
conditions could be found which would result in adhesive failure, as well as to see how
high of shear stress values could be generated before this occurred. As mentioned

24

previously, no conditions were found that gave adhesive failure. Table 4 shows the results
of this testing.
Table 4: Table of all lap shear results from samples produced using polycarbonate
substrates.
τMax @
Substrate Adhesive Adhesive Soldering
Average Load/Area
Thermal
Thickness Thickness Length Temperature
Max @ Failure Failure
Shield
(mm)
(mm)
(mm)
(ºC)
Load (N) (MPa) from Model
(MPa)
3.2
1.6
25.4
250
No
1312
2.10
9.46
3.2
3.2
25.4
250
No
1064
1.70
5.44
4.8
1.6
25.4
250
No
2045
3.27
12.06
4.8
3.2
25.4
250
No
1599
2.56
6.72
4.8
1.6
25.4
175-200
No
2206
3.53
13.00
4.8
1.6
25.4
200
Yes
2114
3.28
12.46
9.5
1.6
25.4
200
Yes
2474
3.83
10.40
12.7
1.6
25.4
200
Yes
3391
5.26
12.46
4.8
1.6
6.35
200
Yes
1558
9.66
12.40
9.5
1.6
12.7
200
Yes
2296
7.12
10.96
12.7
1.6
12.7
200
Yes
3312
10.27
14.53
4.8
1.6
25.4
UV
Yes
2142
3.32
12.63
9.5
1.6
25.4
UV
Yes
2609
4.04
10.97
As can be seen from the table, the highest shear stress value, derived from Equation
5, was 14.5 MPa for 12.7 mm thick substrates, 12.7 mm adhered length, and 1.6 mm thick
adhesive bond. This still represents a lower bound to the adhesion strength, because the
substrate again fractured before adhesive delamination.
It can be seen from Table 4 that the maximum shear stress values calculated from
Equation 5 are significantly higher than the values calculated from the load divided by the
adhered area. The reason for this becomes apparent when the shear stress distribution
derived from Equation 1 for each set of boundary conditions is plotted as shown in Figure
16.
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Figure 16: Plots of stress distribution derived from the shear lag equations. Samples are
labeled with their substrate thickness, followed by their adhesive length (which is labeled
L). Adhesive length has been normalized and uses the coordinate system shown in Figure
5. Top) Samples produced with polycarbonate substrates showing the variation based on
substrate thickness as well as adhesive length. Bottom) Mixed substrate samples showing
the asymmetry that can result from a mismatch in modulus (such as PC-Plywood where
the plywood has a higher modulus).
It can be seen from the plots that there is a significant deviation from linearity for
the shear stress along the length of the adhesive bond. This is seen even more acutely in
samples with thinner substrates and longer bond lengths. One example is for the sample in
orange, which has a substrate thickness of 4.8 mm, an adhesive thickness of 1.6 mm and
an adhesive length of 25.4 mm. For this sample, the minimum shear stress at the center of
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the sample is approximately 25 times less than the maximum shear stress located at the
bond line. Additionally, for samples with mixed substrates, such as the PC-plywood
sample, the stress distribution also becomes asymmetric, with higher shear stresses toward
the side adhered to the higher modulus material, in this case the plywood.
1.3.4 UV vs. Thermal Initiation
The mechanism used to produce FP in this system allows for both thermal and UV
initiation of the front. In order to determine if there are any significant differences in the
adhesive based on the initiation method, a series of tests were performed to determine the
adhesive, thermal, mechanical and chemical properties of the two cured resins. As can be
seen in Table 4, the adhesive strength, as demonstrated by the maximum shear stress at
substrate failure, is very similar for both the 4.6 mm and the 9.5 mm cases when the two
initiation methods are compared. This indicates that if there are significant differences in
the adhesive strength, they would only be evident at shear stresses in excess of those tested
in this study, the maximum for these substrates for single lap shear geometry. In addition
to adhesion, DSC testing of the cured resins, as well as DMA testing were performed, and
the results shown in Figure 17.
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Figure 17: Left) DSC results from cured adhesive samples initiated with either thermal
energy or UV radiation. Right) DMA results from cured adhesive samples initiated with
either thermal energy or UV radiation.
The DSC results demonstrate that while there may be slight differences in the
amount of post curing that occurs during heating, the Tg’s of both cured resins are identical.
Additionally, the DMA testing shows that both the storage modulus and the tan δ of the
resins, through the full range of tested temperatures, are very similar. The Tg values are
also identical for both resins when tested via DMA, although they are at a significantly
higher temperature than the Tg’s found by DSC, which may be a result of the slower heating
in the DMA causing the resins to undergo post curing before the Tg is reached.
The FTIR spectra were also tested for samples cured with both initiation methods.
These spectra were normalized to the aromatic carbon peak of the DGEBA at 1509 cm-1
and the results shown in Figure 18.30 The spectra indicate that while there may be small
differences between the two cured resins, there are no large differences that would indicate
a significant variation in extent of cure.
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Figure 18: FTIR results of adhesive samples cured with either thermal energy or UV
radiation. Spectra have been normalized to the aromatic c-c peak at 1509 cm-1.
1.3.5 Interfacial Testing
To better understand the cause of the adhesion of the resin with PC, testing was
performed to determine what types of interaction were occurring between the adhesive and
the substrate. Optical microscopy was used on cross-sectioned and polished samples that
were removed from lap shear samples as depicted in Figure 19. Images at various
magnifications were taken under crossed polarizing filters to show the internal stresses in
the sample.
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Figure 19: Top) Depiction of cuts used to cross section sample. Bottom) Images at
increasing magnifications of cross sectioned and polished samples under transmission with
crossed polarizing filters. Samples show internal stresses that have been released in a thin
layer around the adhesive.
The images show that while there is stress inherent in the PC substrate, as visualized
by the birefringence in the tops of the images, the stress has been relieved in a thin,
approximately 250μm, layer next to the adhesive. This indicates that during the FP, the
temperature of the moving front, at the interface with the PC, was sufficient to exceed the
Tg of the PC (147ºC) and relieve the internal stress. This layer is also evident for PMMA
substrates as shown in the bottom substrate in the images above, which is expected
considering the lower Tg of PMMA (105ºC). Also visible are dendritic voids within the
sample, which may be caused by volatilization of monomers or impurities during the FP
process.
Images were also taken under crossed polars from the top of the crosslinked
adhesive used to adhere two inorganic glass substrates. The images were taken with a
stereomicroscope and then stitched together and enhanced for contrast (Figure 20). The
composite image shows a wave pattern within the crosslinked adhesive in addition to the
dendritic voids that are also visible in Figure 19.
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Figure 21: Images of samples that have been delaminated at the adhesive interface using
liquid nitrogen. Red arrows depict the area and direction of profilometry measurements.

Figure 20: Composite image taken under crossed polars, from the top, of the frontally
polymerized adhesive used to adhere two inorganic glass substrates. Image shows both
dendritic voids, as well as a wave pattern within the crosslinked adhesive.
In addition to optical testing, further testing to determine the nature of the interface
between the PC substrate and the frontal adhesive was performed. Because no lap shear
test had resulted in adhesive failure, a different method was used to expose this interface.
A lap shear sample was immersed in liquid nitrogen and allowed to thermally equilibrate.
Because of the variation in the thermal contraction between the substrate and the adhesive,
the two materials delaminated. Images of the delaminated surfaces are shown in Figure 21.
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Figure 21: Images of samples that have been delaminated at the adhesive interface using
liquid nitrogen. Red arrows depict the area and direction of profilometry measurements.
Following delamination, it was noticed that the exposed interfaces of both the
adhesive and the PC showed a wave pattern that radiated from the point of front initiation.
Both interfaces were then evaluated by profilometry to determine the properties of this
wave pattern. The sinusoidal results given by the surfaces were baseline corrected using
asymmetric least squares fitting and then the corrected adhesive surface curve was fit with
a sine function using the Levenberg-Marquardt method. The results of the profilometry, as
well as the fitted curve, are shown in Figure 22 and the numerical fitting parameters are
shown in Table 5.
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Figure 22: Results of profilometry testing for both adhesive and polycarbonate substrate
interfacial surfaces. Data has been baseline corrected using asymmetric least squares fitting
and then the corrected adhesive surface function was fit with a sine function using the
Levenberg-Marquardt method.

Table 5: Parameters found for the sine curve fit to the corrected adhesive surface function
Model
Equation
y0
xc

Sine
𝜋𝜋(𝑥𝑥 − 𝑥𝑥𝑐𝑐 )
𝑦𝑦 = 𝑦𝑦0 + 𝐴𝐴 sin �
�
𝑤𝑤
-0.09499

-27.25058

w

198.82511

A

1.24974

R-Square

0.6677
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The results shown in Table 5 can be used to find the arc length of the fitted curve
as shown in Equation 7. This arc length was then used to approximate the total increase in
surface area caused by the sinusoidal nature of the interface. This is done by dividing the
arc length by 2π to give the proportional increase in distance represented by the arc length
as opposed to a perfectly flat surface, which is assumed for the original PC. This proportion
then represents the increase in surface area because both the sinusoidal surface as well as
the flat surface would have the same width dimension.

2

2𝜋𝜋
2𝜋𝜋
𝜋𝜋(𝑥𝑥−𝑥𝑥 )
Arc Length = ∫0 �1 + 𝑓𝑓(𝑥𝑥)2 𝑑𝑑𝑑𝑑 = ∫0 �1 + �𝑦𝑦0 + 𝐴𝐴 sin � 𝑤𝑤 𝑐𝑐 �� 𝑑𝑑𝑑𝑑 = 6.3120
6.3120
2𝜋𝜋

(7)

= 1.0045 ≈ 0.45% Surface Area Increase

It can be seen from Equation 7 that the approximate increased in surface area is
quite small. This is not surprising given that the amplitude of the interfacial sinusoidal
curve is small in comparison to its period length. What this result also indicates is that the
adhesion in the PC substrate system is most likely not due to increased surface area alone.
Additionally, it reinforces the assumption of a flat interface, which is inherent in all
calculations in this study, is valid.

1.4 Conclusion
The use of epoxy monomers, polymerized through a radically promoted, cationic,
thermal frontal polymerization mechanism has been studied for use as an adhesive. Several
monomers were tested for their suitability, and from that testing a formulation consisting
of ECC and DGEBA was developed. The results of individual monomer testing allowed
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for extrapolating to mixed systems and accurately predicted both the energy release per
gram as well as the front onset temperature. The adhesive formulation showed excellent
adhesion to several substrates including PC, PMMA, and plywood. A minimum adhesive
thickness was found to be 1.6 mm which allowed for reproducible front propagation for
these substrates. Additionally, several substrates were not adhesively bonded and in these
cases a thin layer of residual, uncured, resin was left at the interface. The exact reason for
the lack of adhesion on all non-adhering substrates is unknown, but for metal substrates it
is presumably an effect of the high thermal conductivity causing the front to become
thermally arrested before it reaches the interface. When resins were tested that were
initiated with either thermal energy or UV radiation there did not seem to be a substantial
difference in properties as measured by adhesion, thermal, mechanical or FTIR testing. In
thermoplastic systems, such as PC or PMMA, with high adhesion, the evidence of localized
heating and the creation of a wave pattern, though small, at the interface indicate that
adhesion may be influenced by mechanical “interlocking”. This is further seen in wood
substrates where the resin penetrates the porous structure, again forming a mechanical
interlock. However, this does not preclude the possibility that adhesion is also influenced
by other factors such as surface chemistry. Overall, this FP resin shows promising amounts
of adhesion to several substrates, which is encouraging for its use in future adhesive
applications.
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1.5 Future Opportunities
There are several areas of future research that could be undertaken following this
study. During testing, no boundary conditions were found that allowed the single lap shear
geometry samples to fracture at the adhesive interface. It is possible that there are other
testing or substrate geometries which would allow for the purely Mode 2 maximum tensile
stress at adhesive failure to be determined, specifically for PC substrate samples. This
would be a valuable piece of information for future modeling of the adhesive strength of
the cured resin. Additionally, the use of other testing geometries, such as double cantilever
beam could be considered for testing the Mode 1 adhesive strength for this resin.
It is still unclear why several of the substrates that were tested did not show
adhesion with the cured resin. Future research in this area could include testing at
progressively thinner metal substrates to determine if there is some thickness at which the
resin will adhere, i.e. where the metal no longer acts as a thermal well. Additionally, new
PP and PA66 substrates could be tested that are created from virgin materials, without any
additives, to see if the lack of adhesion is caused by radical inhibitors. Another avenue for
testing of polymeric materials could include spin coating a very thin layer of PC on the
surface of PP or PA66 and then repeating the adhesion testing on these samples. This would
elucidate if the non-adhesion is caused by a thermal effect of the underlying substrate, or
by a chemical effect, which would be mitigated by the thin PC layer. Additional testing of
the morphology of the non-adhering interfaces may also give clues to the cause of the lack
of adhesion.
Finally, additional testing could be performed to better understand the cause of the
strong adhesion between the cured resin and amorphous thermoplastics such as PC and
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PMMA. This testing could include further visualization of the adhesive interface via
scanning electron microscopy. Additionally, FTIR or other chemical detection could also
be used to determine if a thin layer of either adhesive or substrate is left behind on the
interface of adhesively delaminated samples.
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CHAPTER 2
FRONTALLY POLYMERIZABLE GELS FOR DOUBLE-NETWORK RESIN
SYSTEMS
2.1 Introduction
2.1.1 Motivation
Cationic thermal frontal polymerization was introduced in the previous chapter as
a method to cure adhesives, but the properties of frontal polymerization (FP), such as low
energy required for polymerization initiation, rapid cure, and the ability to form heavily
crosslinked networks could foreseeable be advantageous in other applications. FP has been
reported on for many years, yet its use in commercial applications is limited to only a
handful of high viscosity products.31-32 One possible explanation for this lack of
commercial use could be induced thermal convection. Frontal polymerization in liquid
systems can suffer from front instability caused by the thermally induced flow of the liquid
that precedes the propagating front.33 The previously referenced commercial products get
around this issue by increasing the viscosity of the system to the point where flow does not
occur during FP. But this loses some of the versatility that comes from having a low
viscosity liquid resin.
One possible solution to this issue is to use a resin that can be partially cured into a
gel, or B-staged, to hold a shape and then subsequently crosslinked into a final glassy
network using FP. There would be several advantages to a system like this. The gelled
material could be manipulated and stacked into complex shapes before FP and the resulting
thermal front would crosslink the material into its final shape. It could also be supplied and
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used in the liquid state. One envisioned application for this type of material would be in
the field of 3D printing, specifically in stereolithography (SLA).
In SLA printing, a vat of
liquid photoresin is subjected to
directed

UV

radiation

which

selectively crosslinks a single layer
of resin, these layers are built up in
an additive way to form the final
three-dimensional part as shown in

Figure 23: SLA printing involves curing a
Figure 23. If a frontal resin was photoresin in successive layers to form a final threedimensional shape.34
used, and partially cured via UV
34

irradiation into a gelled state, it could then be crosslinked either during or following the
printing process using FP to form the final part. This would result in decreased need for
high energy post curing processes, and an increase in covalent bonds between layers within
the final part.
SLA is not the only application where a resin like this could be used. Carbon fiber
pre-pregs and other composite materials could be formed by gelling the resin with the fiber
or filler already in place. Depending on the stability of the resin this system could then be
stored in this gelled form until its use, when FP would be initiated, and the part would be
crosslinked into its final, fully cured, shape. This would eliminate lengthy and energy
intensive oven cure cycles. Additionally, assuming the gelled resin was thermally stable,
the pre-pregs could be stored at room temperature, which would save on refrigeration costs.
The resin may also find use in electronics potting and film adhesives.
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The motivation for this project is to create a frontally polymerizing material that
can be B-staged to form a stable, nominally non-reacting, gel. This gel could then be
frontally polymerized into a final crosslinked, glassy, interpenetrating network at a later
time. In this way, induced convection would be eliminated, and the material could be
formed into shapes and manipulated before it was finally cured. As mentioned previously,
this sequentially cured material is envisioned to be useful in a variety of applications.
2.1.2 Background
An examination of literature pertaining to FP reveals that while this technique can
be useful, there are some inherent issues. Primarily, for the thermal FP process in liquid
systems, thermally driven convection in the liquid can interfere with the propagating front.
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This makes the creation of large monolithic shapes challenging. Even in examples where

the convection is minimized the polymerizing system is still a liquid which requires a mold
to hold a shape until FP is completed.35
One approach to avoid convection
and form freestanding shapes, before FP,
is to create gelled systems. These gels
could then be shaped into a final form
before a front is initiated. One example of
Figure 24: Frontal polymerization of thin films
this concept was reported on by Crivello13
of mixed epoxy and acrylate produced by
Crivello.13
who used a mixture of epoxy and acrylate
functional monomers to create a thin film. The acrylate portion of this film was cured into
a gel using broad-spectrum UV radiation, which simultaneously activated the cation
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generator in the epoxy. This excited epoxy gel could then frontally polymerize, as shown
in Figure 2413 when heat was applied, but only within the timespan of a very limited
activation life. Additionally, the film needed to be thin to ensure rapid heat exchange with
its substrate because the exotherm of the curing acrylate was sufficient to initiate the FP of
the excited epoxy system if the sample was too thick. A second report from Binici et. al.11
discussed the formation of a gel through the combination of reactants under cooled
conditions. Again, this cooling was required for the gel to form without the subsequent FP
being initiated by the exothermic energy of the gelation. The front was then ignited by
irradiating a UV active region of gel in the center of the sample, producing a thermal front
that propagated outward. Additionally, a third example of a gelled FP network was
described by Wigdorski,12 which consisted of a cationically polymerizing material codissolved in a solvent with a polymeric gelling agent. After the solvent was volatilized the
system becomes a freestanding gel with the ability to undergo thermal FP.
Even as recently as this year, systems were reported that take advantage of frontally
polymerizing gels, as evidenced in the papers by Roberston et. al.20, 36 which report using
alkyl phosphites to inhibit the frontal ring-opening metathesis polymerization (FROMP) of
dicyclopentadiene (DCPD) catalyzed by second-generation Grubbs’ catalyst. This
inhibition allows for a pot life of 30 hours36, during which the resin reacts sufficiently to
form a gel. This gel can be manipulated and subsequently frontally cured, as long as it
remains within its reactive pot life, and has been shown to be applicable in composite
systems.
While these examples resulted in gelled systems that, through FP, could form
monolithic shapes, the drawbacks: required thin films, cooling, long solvent volatilization
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stages, or very limited pot life, making them less than ideal for fast production methods.
To be useful in processes such as 3D printing, electronics potting, and moldable adhesive
films, a system is needed that can be processed in the liquid state, quickly formed into a
stable gel at room temperature and then finally undergo FP at arbitrary gel thickness.
To accomplish these goals a new double-network system has been be developed
that takes advantage of 1,1,2,2-tetraphenyl-1,2-ethanediol (TPED), as described in the
previous chapter, as a co-initiator for the cationic curing of epoxy functional materials.
This system will also contain a multifunctional monomer or mixture of monomers capable
of undergoing free radical polymerization with an additional radical initiator. By
combining these polymerization methods, the radical for gelation and the cationic for the
thermal FP, a resin is produced that can be gelled with either long-wave UV (UVA) or
thermal energy, depending on the radical initiator chosen, and then FP will be initiated
using either heat or high intensity broad spectrum UV radiation. This resin was tested to
determine its stability in both the gelled and liquid state. The mechanical effects of varying
the length of UV irradiation to change the curing amount of the acrylate portion of the resin
was tested. The isotropy of the front propagation was also investigated. A carbon fiber prepreg proof of concept sample was created and subjected to FP. And finally, the thermal
characteristics of the FP resin were studied, and the results used to define a model for the
propagation of the moving polymerization front.
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2.2 Experimental Details
2.2.1 Materials and Formulation
Bisphenol A Glycerolate Diacrylate, Isobornyl acrylate, trimethylolpropane
triacrylate,

pentaerythritol

epoxycyclohexylmethyl
hydroxy

terminated

triacrylate,

tetrahydrofurfuryl

3,4-epoxycyclohexanecarboxylate,
polybutadiene,

epoxy

acrylate,

3,4-

functionalized,

1,1,2,2-tetraphenyl-1,2-ethanediol,

azobisisobutyronitrile (AIBN), and diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide
were all purchased from MilliporeSigma. DGEBA (DER 332) was purchased from Olin
Epoxy, and p-(octyloxyphenyl) phenyliodonium hexafluoroantimonate was purchased
from Gelest. All materials were used as supplied, without further purification.
A typical formulation is shown in Table 6. Several other formulations were created
that also gelled and frontally polymerized, including systems using other vinyl-based
monomers to form the gel. However, the solutions in Table 6 and Table 7 showed the best
combination of front speed, gelation speed, and stability in both the liquid and gelled states
during preliminary screening, so they were chosen as the representative samples.
The liquid solution was created by combining all components in a glass vial
equipped with a stir bar. The vial was then capped and heated, with stirring, at 72ºC in a
heating well in the absence of light. The heating and stirring was continued until all
components were dissolved, in total no more than 30 minutes. The solution was then
allowed to cool to room temperature in the dark. Any solution not immediately used,
including any used for aging studies was stored in a glass container in the absence of light,
with ambient air in the headspace. Samples for testing, depending on the radical initiator,
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were gelled with either UVA radiation or thermally and subsequently FP was initiated
using the tip of a soldering iron at a controlled temperature or via UV irradiation using a
Lumen Dynamics OmniCure S1500 UV source set at 50% intensity with a 250-450 nm
filter at a distance of approximately 1 cm.
2.2.2 Front Velocity
The velocity of the traveling thermal polymerization front was determined using
time lapse videography. The addition of DGEBA to the resin resulted in an amber color
when the resin was cured. During the FP, the clear, uncured resin would go through a
visible color change when the front passed through it. Samples of known length and
thickness were polymerized, and the resulting front propagation recorded. This is an
important value to be able to measure reliably since it will be used in modeling the system.
2.2.3 Mechanical Properties of Gel
Plateau modulus was used to show the change in mechanical properties of the gel
caused by varying the amount of UV radiation used for gelation. Samples for plateau
modulus testing were created by filling a 22 mm diameter 2.5 mm thick circular mold with
metal sides and a removable PTFE base with resin (Table 6) and then subjecting the liquid
resin to 365 nm ultraviolet light from a UVP Blak-Ray lamp (model: XX15BLB) for times
of 1, 5, and 20 minutes at a distance of approximately 6 inches from the source. The
samples were flipped once during their irradiation cycle so that both sides of the transparent
samples received equal irradiation. Following irradiation, the sample were wiped to remove
any remaining liquid resin and tested. Testing of the plateau modulus of the gelled material
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by room temperature frequency sweep was performed with a TA Instruments AR 2000
rheometer with 25 mm aluminum parallel plate geometry, at a strain of 0.25% and a
frequency range from 1 to 100 Hz.
2.2.4 Aging and Stability
The stability of the resin is very important for the target applications of this
material. If it will be used in stereolithographic printing it will need to be shelf stable for
at least six months. Likewise, if it is formed into a carbon fiber composite, the shelf stability
will need to be greater than currently available technology, which means it will need to be
stable and nominally non-reactive at room temperature both in the liquid and the gelled
state.
To test the stability of the liquid, a sample was produced and stored for 502 days.
Following this aging, viscosity testing was performed on two liquid resin samples, the aged
sample, and a newly made sample. Both samples were based on the formulation shown in
Table 7. The aged sample, after dissolution, was stored in an amber bottle in the absence
of light at room temperature with air in the headspace until testing, and the new sample
was tested within minutes of its dissolution. Both samples were placed, in excess, into a
Malvern Kinexus pro+ rheometer with a Couette fixture for testing and their viscosities
measured at 25ºC and shear rates varying from 0.1 to 10 Hz. The aged sample was
additionally tested for gelation under UVA light and subsequent frontal polymerization.
In order to determine if there is significant change in the active functionality of the
liquid resin with time, the new and aged samples created for viscosity measurement were
also subjected to testing via NMR. The samples were diluted in deuterated chloroform, and
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the 1H NMR spectra were recorded using a Bruker 500 MHz Ascend retrofitted with a
cryo-probe with all J-values given in Hz.
2.2.5 Kinetics
The kinetic parameters of the FP in the gelled system were investigated.
Determining these parameters allows for estimations to be made for the half-life of the
gelled resin. Additionally, these parameters can be used to model the rate and temperature
of the propagating front. However, before the reaction kinetics could be determined, it was
necessary to confirm that the propagation of the front is isotropic for uniform boundary
conditions and thickness. To test this, a sample puck approximately 75 mm in diameter and
3 mm thick was created and suspended over the horizontal mouth of a glass jar. The front
was initiated in the center of the puck and the front propagation visually recorded.
Following the test for isotropy, the reaction kinetics of the propagating front for the
gelled material were determined. For testing, a TA Instruments model Q200 Differential
Scanning Calorimeter (DSC) was used. Samples of approximately 2 mg were removed
from a sample that had been irradiated for 5 minutes. These samples were placed in
hermetically sealed aluminum DSC pans and subjected to heating scans from 20ºC to
250ºC at eight different heating rates from 1ºK/min to 20ºK/min. The temperature of peak
exotherm was measured at the varying heating rates. The Kissinger method37 was then used
to determine the pre-exponential factor (A) and the activation energy (E) based on Equation
8.

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑓𝑓(𝑎𝑎)𝐴𝐴𝑒𝑒−𝐸𝐸⁄𝑅𝑅𝑅𝑅
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(8)

Where 𝑑𝑑𝑑𝑑⁄𝑑𝑑𝑑𝑑 is the reaction rate, a is the conversion of reactant, R is the gas

constant, and 𝑓𝑓(𝑎𝑎) is a dimensionless conversion function. This equation can be
differentiated, under the assumption of first order reaction kinetics, and placed in
logarithmic form to give Equation 9.

𝛽𝛽

𝐴𝐴𝐴𝐴

𝐸𝐸

ln �𝑇𝑇2 � = ln � 𝐸𝐸 � − 𝑅𝑅𝑇𝑇
𝑚𝑚

𝑚𝑚

(9)

Where β is the heating rate in ºK/min and Tm is the temperature of peak exotherm.
The values from DSC testing were then fitted with this function and the slope and intercept
used to find E and A.
2.2.6 Modeling
With the kinetic parameters determined, a model predicting both the rate and the
temperature of the propagating front was created. The equations and the resulting analytical
solutions used for modeling the propagation of the moving front within the gelled system
are based on the work of Weber and Mercer et al.38-39 The equations were originally defined
to describe combustion propagation in solid media, but because thermal frontal
polymerization is also a moving exothermic wave, and because our system is in the gelled
state, the equations are applicable. The representative equations based on the conservation
of energy and chemical species under fully adiabatic boundary conditions are defined as
Equations 10 and 11 respectively.
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Ρcps
ρ

∂Y
∂t

∂T
∂t

=k

∂2 T
+
∂x2

ρQAYe−E⁄RT

= ρAYe−E⁄RT

(10)

(11)

Where ρ is density of the gel, cps is the heat capacity, T is the temperature, Y is fuel
concentration, x is the spatial coordinate, t is the time coordinate, k is thermal conductivity
of the gel, Q is the heat of reaction, A and E are the pre-exponential factor and activation
energy respectively, and R is the universal gas constant. The detailed solutions to these
equations can be found in the reference but the relevant final solution for front velocity are
given in Equations 12-14.

c = �e−β (1 − e−β )

β=

Cps E

(12)

(13)

QR

ρE

c = Vf cps �AQRk

(14)

Where Vf is the velocity of the moving front.
For the temperature profile preceding the thermal front, the non-adiabatic solution
was used38 so that room temperature could be applied as the ambient starting temperature,
but we are still assuming no heat loss (adiabatic). The solutions can be seen in equations
15 & 16.
u = ua + (uf − ua )e−mξ
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(15)

c

1

m = 2 + 2 √c 2 + 4l

(16)

Where u, ua, and uf (approximated as 1⁄β) are the dimensionless parameters for

temperature in front of the moving front, ambient temperature, and front temperature
respectively, ξ is the position of the front with respect to the selected coordinate system. 𝑙𝑙

is heat loss (𝑙𝑙 ≈ 0) and therefore 𝑚𝑚 ≈ 𝑐𝑐 for this case. From these sets of equations, we will
be able to estimate not only the velocity of the front but also the temperature of the front
and the shape of the temperature profile preceding the moving front.
2.2.7 Composite Synthesis
As discussed in the motivation section, carbon fiber composites are one foreseeable

application for this material. A proof of concept was created by employing a melt press to
produce a gelled composite sample by applying the liquid resin to a sheet of woven carbon
fiber and then pressing down with a melt press as shown in Figure 25.

Brass Shim
Polyester Film
Frontal Resin
Carbon Fiber Fabric
Frontal Resin
Polyester Film
Brass Shim
Figure 25: Representation of layup used for production of carbon fiber composite samples
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This step is to remove any excess resin before curing. The composite sample could,
at this point, be thermally gelled by heating. Conversely, samples were also produced using
a room temperature melt press. In this case, following pressing, the sample was removed
from the press and cured on both sides with UV radiation. The gelled composite was then
cut into strips and polymerized as a single layer or stacked 8 plies thick for FP testing. FP
was thermally initiated from the bottom of one of the 8 ply strips and allowed to propagate
upwards. Simultaneously, thermal imaging video was be taken to record the heat evolved.

2.3 Results and Discussion
2.3.1 Materials and Formulation
Several formulations were created that could undergo gelation under either longwave ultraviolet (UVA) radiation (Tables 6-8) or applied heat (Table 9) and subsequently
maintain a propagating thermal front following initiation with either application of heat via
a soldering iron or application of broad spectrum UV radiation. Following the first
successful formulation, variation and testing showed the chemistry to be relatively
insensitive to the types of acrylates used, with the caveat that their functionality was
sufficient to form a gel (as demonstrated in Table 7). Additionally, provided there was a
sufficient amount of energy released (as discussed in Chapter 1), multiple types of epoxy
and diglycidyl ether functional materials could be used.
Table 8 shows a system that is similar to Table 6 with three substitutions. The
DGEBA was replaced by a hydroxy terminated polymeric polybutadiene with pendant
epoxy groups and the acrylates are replaced with tetrahydrofurfuryl acrylate and
pentaerythritol triacrylate. The epoxy substitution was to demonstrate that other epoxy
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functional materials could be used, and the acrylic monomers were changed to show that
it is possible to use acrylic materials that would react into the epoxy matrix during FP.
Table 9 displays a system that is identical to Table 7 with the exception that
diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide, the UVA radical initiator, was replaced
by AIBN, a thermal radical initiator, in an equal molar amount. AIBN has a dissociation
temperature that is lower than the temperature required to initiate FP of the epoxy, meaning
the system could be thermally gelled and then subsequently undergo FP initiation with a
soldering iron.
These systems are not exhaustive, and several additional formulations were
produced, with modifications to both the epoxy containing monomers, as well as the
acrylate containing monomers. In addition, other radical initiators were shown to gel the
acrylate monomers without interfering with the FP, including 2,2'-Azobis(2,4dimethyl)valeronitrile (ADVN), which showed the ability to gel the resin at even lower
temperatures than AIBN.
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Table 6: Standard Frontal Polymerization Formulation (UV Gelled, Heat Cured)

Epoxy
Portion

Acrylate
Portion

Frontal Gel Formulation
3,4-Epoxycyclohexylmethyl 3,4epoxycyclohexanecarboxylate
Bisphenol A Diglycidyl Ether

Weight Percent

Mass (g)

Moles

Mole %

51.57%

10.314

4.088E-02

61.20%

34.38%

6.876

2.020E-02

30.24%

p-(Octyloxyphenyl)Phenyliodonium Hexafluoroantimonate

2.00%

0.400

3.938E-04

0.59%

1,1,2,2-Tetraphenyl-1,2-Ethanediol

2.00%

0.400

1.092E-03

1.63%

Bisphenol A Glycerolate Diacrylate

9.55%

1.910

3.941E-03

5.90%

Diphenyl(2,4,6 trimethylbenzoyl)phosphine oxide

0.50%

0.100

2.871E-04

0.43%

Table 7: Mixed Acrylate Frontal Polymerization Formulation (UV Gelled, Heat Cured)

Epoxy
Portion

Acrylate
Portion

Frontal Gel Formulation
3,4-Epoxycyclohexylmethyl 3,4epoxycyclohexanecarboxylate
Bisphenol A Diglycidyl Ether

Weight Percent

Mass (g)

Moles

Mole %

51.570%

10.314

4.088E-02

57.85%

34.380%

6.876

2.020E-02

28.59%

p-(Octyloxyphenyl)Phenyliodonium Hexafluoroantimonate

2.000%

0.400

3.938E-04

0.56%

1,1,2,2-Tetraphenyl-1,2-Ethanediol

2.000%

0.400

1.092E-03

1.54%

Trimethylolpropane triacrylate

4.775%

0.955

3.223E-03

4.56%

Isobornyl Acrylate

4.775%

0.955

4.585E-03

6.49%

Diphenyl(2,4,6 trimethylbenzoyl)phosphine oxide

0.500%

0.100

2.871E-04

0.41%
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Table 8: Polybutadiene Formulation (UV Gelled, Heat Cured)

Epoxy
Portion

Acrylate
Portion

Frontal Gel Formulation
3,4-Epoxycyclohexylmethyl 3,4epoxycyclohexanecarboxylate
Polybutadiene, epoxy functionalized, hydroxy terminated

Weight Percent

Mass (g)

Moles

Mole %

51.570%

7.736

3.066E-02

74.85%

34.380%

5.157

1.983E-03

4.84%

p-(Octyloxyphenyl)Phenyliodonium Hexafluoroantimonate

2.000%

0.300

2.954E-04

0.72%

1,1,2,2-Tetraphenyl-1,2-Ethanediol

2.000%

0.300

8.187E-04

2.00%

Pentaerythritol triacrylate

4.775%

0.716

2.401E-03

5.86%

Tetrahydrofurfuryl acrylate

4.775%

0.716

4.586E-03

11.20%

Diphenyl(2,4,6 trimethylbenzoyl)phosphine oxide

0.500%

0.075

2.153E-04

0.53%

Frontal Gel Formulation
3,4-Epoxycyclohexylmethyl 3,4epoxycyclohexanecarboxylate
Bisphenol A Diglycidyl Ether

Weight Percent

Mass (g)

Moles

Mole %

51.707%

10.314

4.088E-02

57.85%

34.471%

6.876

2.020E-02

28.59%

p-(Octyloxyphenyl)Phenyliodonium Hexafluoroantimonate

2.005%

0.400

3.938E-04

0.56%

1,1,2,2-Tetraphenyl-1,2-Ethanediol

2.005%

0.400

1.092E-03

1.54%

Trimethylolpropane triacrylate

4.788%

0.955

3.223E-03

4.56%

Isobornyl Acrylate

4.788%

0.955

4.585E-03

6.49%

Azobisisobutyronitrile

0.236%

0.047

2.871E-04

0.41%

Table 9: AIBN Formulation (Heat Gelled, Heat Cured)

Epoxy
Portion

Acrylate
Portion
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2.3.2 Front Velocity
Tests were performed to better understand the speed and stability of the propagating
front produced by the formulation shown in Table 7. The solution was dripped in its liquid
state into a metal mold on a glass substrate and then cured using 365nm UVA radiation.
When the metal mold was removed a gelled sample remained on the glass that measured
146 mm long by 19 mm wide by approximately 2.8 mm thick. A triangular tab was then
created by using a v-shaped metal dam to drip additional solution to the side of one end of
the rectangular gelled sample. This tab was then also gelled with UVA. The purpose of this
triangular tab was to allow the front to expand before it reached the rectangular portion of
the sample.
The front was initiated by touching a soldering iron, above 150ºC, to the tip of the
triangular tab. Video was recorded as the front propagated through the sample and the zero
time was recorded as when the front transitioned to the rectangular portion of the sample.
Because the material changes color during FP, time-lapsed images from the video could be
used to measure the propagation speed. Overlaid images of the video can be viewed in
Figure 26 and the rates, recorded as the front propagated, are listed in Table 1. The front
was linear and propagated at an average rate of 0.66 mm/s, which was constant across the
length of the sample. This result indicated that the front propagated under steady state
conditions. The boundary conditions set forth by the geometry of the sample, in this case a
rectangular sheet of uniform thickness, allowed the heat of the propagating front to be
sufficiently offset by the heat dissipated through the surfaces of the sample. This may not
always be the case for all geometries and volumes of material.
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Figure 26: Time-lapsed images taken from video of FP propagation in gelled formulation
(Table 7) and overlaid to show progression.

Table 10: Rate of propagation of FP in standard formulation
Time (s)
Segment Distance (mm)
Total Distance (mm)
45
29.2
29.2
90
30.1
59.3
135
28.6
87.9
180
30.1
118.0

Rate (mm/s)
0.65
0.66
0.65
0.66

2.3.3 Aging and Stability
Two samples were used to investigate the stability of the formulation shown in
Table 7, one that had been stored for 502 days and a second sample that was produced and
tested immediately. Both samples were tested for their viscosity at 25ºC over a range of
shear rates from 0.1 to 10 Hz, with results shown in Figure 27.
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Shear viscosity (Pa*s)

2.5
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Figure 27: Viscosity measurements of both a new sample and a sample that had aged for
502 days. The plot shows that the aged sample has approximately three times the viscosity
of the new sample.
Figure 27 indicates that the sample aged for 502 days is approximately three times
higher in viscosity than the newly formulated sample. However, following the viscosity
measurements, both the newly formulated and the aged samples were tested for gelation
and subsequent FP and both samples passed by gelling under UVA radiation and then
successfully initiating and propagating a front.
To get a better understanding of the cause for the viscosity increase, the new and
the aged samples were tested using 1H NMR, with deuterated chloroform as the solvent
(Figure 28). The peaks corresponding to the benzyl protons in the DGEBA were integrated
as an internal standard (6.8 ppm, labeled peak a) in both spectra, as these protons would
remain unchanged after any potential reaction. When compared to the peaks corresponding
to the vinyl groups of the acrylate monomers (6.4, 6.1, and 5.8 ppm, labeled peaks b, c, and
d respectively), there was no significant decrease in peak integration between the new and
aged samples. Additionally, there was no significant change in the peaks corresponding to
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the epoxy functionalities on the epoxy-based monomers (3.3, 3.15, 2.9, and 2.7 ppm,
labeled peaks e, f, g, and h respectively). These comparisons indicated that all monomers
included in the solution remained present and had not undergone any noticeable reaction
at their respective critical functionalities. The initiators were not thoroughly investigated
for possible effects of aging for two reasons: 1) they were incorporated in low quantities,
resulting in small, weak peaks in the 1H NMR spectra that were difficult to identify and 2)
the aged system successfully gelled and was able to form a stable front, indicating the
initiators were still active.

Figure 28: 1H NMR overlay of both new and aged samples. Integrations showing that there
is no significant decrease in either acrylic or epoxide monomer functional groups between
the two samples. Peaks: (a) control - benzyl protons on DGEBA, (b, c, d) protons on the
acrylic functionalities of both the isobornyl acrylate and trimethylolpropane triacrylate, (e,
f, g, h) protons on the epoxide groups of 3,4-epoxycyclohexylmethyl 3,4epoxycyclohexanecarboxylate and DGEBA
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2.3.4 Mechanical Properties of Gel
The resin outline in Table 6 was exposed to increasing amounts of UV irradiation
and the elastic modulus tested for each of the samples. These rheological responses are
shown in Figure 29. From these curves, the plateau moduli were found for each sample and
displayed in Table 11.

1 Min
5 Min
20 Min

G' (Pa)

104

103

10

100

ω (rad/s)
Figure 29: Storage Modulus vs. Frequency for three samples gelled for varying lengths of
time under UV. Plot shows increasing plateau moduli values with increasing gelation time.
From the plateau moduli the approximate molecular weight between crosslinks can
be calculated. Because the system is a gel, the Phantom Model as described by Ammar et.
al.40 is used for this calculation as shown in Equation 17.
𝜌𝜌

𝐺𝐺𝑚𝑚 = 𝐴𝐴 𝑀𝑀 𝑅𝑅𝑅𝑅(𝑣𝑣2𝑟𝑟 )2⁄3 (𝑣𝑣2𝑚𝑚 )1⁄3
𝑐𝑐
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(17)

Where A is a prefactor that equals (1 − 2⁄𝜙𝜙) where 𝜙𝜙 = 3 for radically

polymerized crosslinks, ρ is density, R is the universal gas constant, T is the temperature
in Kelvin, 𝐺𝐺𝑚𝑚 is the plateau modulus, 𝑣𝑣2𝑟𝑟 is the crosslinked polymer volume fraction in

the relaxed state, and 𝑣𝑣2𝑚𝑚 is the crosslinked polymer volume fraction in equilibrium with

the swollen gel. An approximation is made in that the calculated volume fraction of the
acrylate monomer in the initial solution (𝑣𝑣𝑎𝑎 ) is used in place of both 𝑣𝑣2𝑟𝑟 and 𝑣𝑣2𝑚𝑚 . This

results in Equation 18 which is used to determine the approximate molecular weight

between crosslinks. Additionally, these values are then divided by the molecular weight of
the acrylate used in this system (512.59 g/mol) to yield the approximate number of
monomers per crosslink. These values can also be seen in Table 11.
1 𝜌𝜌𝜌𝜌𝜌𝜌𝑣𝑣𝑎𝑎

𝑀𝑀𝑐𝑐 = 3

𝐺𝐺𝑚𝑚

(18)

Table 11: Values of plateau modulus, molecular weight between crosslinks, and
approximate number of monomers per crosslink for three different UV irradiation times.
Time
Plateau Modulus
MW between Crosslinks
Number of
(min)
(kPa)
(g/mol)
Monomers/Crosslink
1
3.8
23790
46
5
15.0
6030
12
20
29.0
3120
6

Additionally, following the rheological testing all samples retained the ability to
frontally polymerize. This indicates that the mechanical properties of the gel can be tuned
by varying the extent of gelation by controlling UV irradiation amount. This is a valuable
ability in that many applications may require a variation in the stiffness of the gel, one
foreseeable example is in tapes and other film adhesives.
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2.3.5 Kinetics
Horizontally oriented disk shaped samples of resin (Table 7) had FP initiated from
the center using a soldering iron. The front propagated outward equally in all directions, as
seen in Figure 30, indicating that the propagation is isotropic for uniform thickness and
boundary conditions. Therefore, the small samples tested to determine kinetic parameters
will be considered indicative of the whole.

Figure 30: Front propagation in a horizontally oriented disk with air interfaces on both
sides. Images show isotropic propagation of the front.
The results of the DSC testing of the gelled resin based on Table 6 at varying
heating rates can be seen in Figure 31. As the rate of heating increased, the peak exotherm
temperature also increased. These peak temperatures were plotted vs heating rate as well
as on a Kissinger Plot as shown in Figure 32a-b. The data on the Kissinger Plot was fit with
a line and the slope and intercept used to find the values for A and E which are displayed
below.
A ≅ 6.97 × 1014 s−1
E ≅ 132000 J⁄mol

These values can be used with Equation 19 to estimate the half-life of the gelled
resin.
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ln 2

t 1� = Ae−E⁄RT ≈ 8 years @ 22℃
2

(19)

This estimated value of 8 years for the half-life of the gelled resin at room
temperature is a very strong indication that the useable shelf life of the gelled resin will be
quite long, on the order of many months if not years. The reason the shelf life is not also
estimated at 8 years is that it is suspected that at some point, before the functionality of the
resin has decayed to half of its original amount, there will no longer be sufficient
functionality to sustain the energy required to propagate a thermal front.

Figure 31: DSC traces of the exothermic responses of gelled resin at varying heating
rates.
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Figure 32: a) plot of peak exotherm temperatures vs. heating rate showing increasing peak
temperature with increasing rate. b) Kissinger plot of data from 11a with fit line. Data is
well approximated with linear fit.
2.3.6 Modeling
Using the values of A and E found in the previous section, averaging the areas under
the exotherm curves in the previous section to find Q=538.1 J/g, using the mass weighted
average of the densities of the components of the formulation to approximate ρ ≈

1169 kg⁄m3 , and an approximation for k of 0.16 W/ºK*m, and measuring cps via
modulated DSC measurement at 3ºC/min as shown in Figure 33, the solutions for
Equations 9-11 can be found.
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Figure 33: Specific heat capacity vs Temperature for both the first and second heating of
gelled resin. Both room temperature and 100ºC are denoted as heat capacities that were
used in modeling attempts.
As noted in Figure 33 at room temperature the cps of the resin is 0.8 J/gºC. When
this value is used in equations 12-14, the value of Vf is found to be approximately 16 mm/s,
which is significantly faster than experimental values found for front velocity in the
previous section. It can be seen, from further examination of Equations 12-14 that Vf is
very strongly, and non-linearly dependent on cps as shown in Equation 20.

Vf =

dx
dt

∝c

c

ps

(20)

Where c itself is dependent on cps through β as shown in Equations 12 and 13. Vf
was then plotted against cps in Figure 34, to see what values of cps would correlate with a
velocity of 0.66 mm/s.
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Figure 34: Curve of front velocity vs. specific heat capacity. Note, front velocity increases
rapidly for decreasing specific heat values.
It was found that a value of 1.0 J/gºC, which corresponds to when the gel is at
approximately 100ºC as shown in Figure 33, gave a velocity of approximately 0.66 mm/s.
This was also interesting in that 100ºC was the temperature of the gelled resin just before
the exotherm began in the modulated DSC testing. This observation indicates that the
thermal front is not traveling through a gelled resin that is at room temperature, but rather
one that has been preheated to a temperature just below the temperature necessary to kick
off the exotherm. This makes intuitive sense since the front travels at a relatively slow rate
and this would allow time for thermal conduction, preceding the front, to occur. This is
further confirmed when equations 15 and 16 are evaluated to give the plot in Figure 35,
which shows the temperature profile preceding the thermal front.
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Figure 35: Temperature profile preceding the propagating front.
2.3.7 Composite Synthesis
The resin of Table 6 was used to create carbon fiber, gelled, composite samples.
These samples gelled easily under UVA irradiation, and replacing the TPO in Table 6 with
AIBN or ADVN allowed for composites that would gel within the melt press. Images of
these gelled composite samples are shown in Figure 36.

Figure 36: Carbon fiber composite samples that have been gelled.
The gelled composite sheets were formed into shapes, as shown in Figure 37, and when
placed in an oven preheated to above 150ºC, would cure within second into crosslinked, glassy
composites
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Figure 37: Gelled carbon fiber composite sheets being molded and after curing in an oven.
Curing occurred very rapidly when sample was heated in oven at temperatures over 150ºC.
These gelled composite sheets were also stacked 8 plies thick and a soldering iron
was used to initiate frontal polymerization from the bottom of a vertically oriented strip as
shown in Figure 38.

Figure 38: Frontal polymerization in a sample 8 plies thick. Image is taken with infrared
camera showing temperature profile.
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As can be seen in this figure, FP did occur, and propagated along the sample.
However, in all samples tested, the front extinguished before curing the entire length of the
sample. The front could be initiated again by reapplying the soldering iron where the front
stopped. This is not unexpected when it is considered that no modifications were made to
the resin to increase exothermic energy release during FP and now much of the volume of
the sample is carbon fiber, making less energy available per unit volume to propagate the
front. Nonetheless, the gelled composites were able to undergo FP and, in the future, with
formulation modification, it is very likely that fully propagating FP could occur in these
composite materials.

2.4 Conclusions
A new one-pot resin system has been developed that can undergo sequential
gelation followed by frontal polymerization. This system has been shown to be stable for
long periods of time in both the liquid and gelled state, with the half-life of the gel estimated
as 8 years. The resin is based on cationic thermal frontal polymerization of epoxy
monomers using a combination of an onium salt initiator and TPED as a radical promoter.
Acrylate functional monomers are added to this system and their free radical
polymerization to form a gel has been shown to be compatible with the subsequent frontal
polymerization mechanism. The rheological properties of the gel can be tuned by varying
the amount of UV radiation used to form the gel. The propagation of the front has been
modeled, both in velocity and temperature profile preceding the front. Finally, carbon fiber
composites were produced using this resin and were shown to be stable at room
temperature in the absence of light, and to polymerize quickly when heated to an
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appropriate temperature. These composites were also capable of frontal polymerization.
This resin system is foreseeably well suited for several applications, including room
temperature composites that require very low energy to cure, 3D printing resins which can
undergo both a gelation and subsequent frontal polymerization orthogonal to the printed
layers, electronics potting compounds, film adhesives and tapes.

2.5 Future Opportunities
There are several opportunities for future research associated with this resin system.
As discussed in the introduction, one of the applications that this resin may be used for is
in 3D printing and more specifically stereolithography. While this resin has not been
printed, a proof of concept was performed in which a sample of the gelled resin like that
used for the front velocity test was cut into squares and stacked. This stack was then
frontally polymerized from the bottom up using a hot plate set to 150ºC as shown in Figure
39. During the propagation of the front, an additional layer was added to the top, before
the front reached it, to show that additional gel can be added while frontal polymerization
is occurring. The final stack, following frontal polymerization, was qualitatively very well
adhered. The purpose of this proof of concept is to show that during the SLA process, if
the UV source gelled the resin, then frontal polymerization could be used to bond the
individual layers together by forming covalent bonds orthogonal to the print layers.
Additionally, the front could be initiated while printing is still ongoing and additional gel
could be added to the print, with the caveat that the front should never reach the resin bath.
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Figure 39: Frontal polymerization in stacked gels showing polymerization through
interfaces.
Future work in this area would include tuning the free radical polymerization of the
acrylates for use in a printing system, which may involve increasing or decreasing the
radical initiator, or adding UV absorbing agents. Following this, the resin would be printed
and subsequently frontally polymerized and then compared with commercial mixed
epoxy/acrylate 3D printed materials.
In addition to 3D printing, further research could focus on modifying the resin for
use in composites. This would include picking epoxy functional monomers that give a
sufficient amount of exothermic energy to sustain the propagating front. In addition,
alternative filler materials, such as glass fiber could be used to determine what impact this
has on the propagating front. Finally, the mechanical properties of the cured composites
and the wetting behavior of the resin would be analyzed.
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Finally, there is room for further research to expand the model described in this
chapter to include non-adiabatic boundary conditions. Specifically, this could be used to
model thermal conduction with surfaces and how this affects both front velocity and
temperature as well as predicting boundary conditions that may result in front extinction.
Additionally, modeling for convective interfaces would also be useful. In the isotropy test
described previously the disk-shaped sample was placed horizontally so that the directional
variation in the convection of air at the interfaces would be minimized. However, when the
disk is oriented vertically, as in Figure 40, then the propagating front travels mores swiftly
up than down. This is explained by heated air traveling upward via convection and
increasing the preheating of the material above while decreasing the energy available to
preheat the material below. The model described in this chapter could be expanded using
Finite Element Analysis (FEA) to model this surface convection and predict how it will
affect front propagation.

Figure 40: Frontal polymerization in a vertically oriented disk, showing faster
propagation up vs. down.
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CHAPTER 3
DOUBLE-NETWORK MATERIALS FROM POLYAMIDE SUBSTRATES IN
SUPERCRITICAL CO2
3.1 Introduction
3.1.1 Motivation
Selective Laser Sintering (SLS) is a 3D printing technique that is used to produce
both prototype and functional parts in a range of materials, including metals, composites,
and several polymers.41 In SLS, the printing material is present in a powdered form which
is deposited on a heated printing bed. This powder layer is then sintered using an infrared
laser and a subsequent layer of powder is then deposited on top of this sintered layer. In
this way, parts are formed from a plurality of layers. The printing parameters such as bed
temperature, laser intensity and layer thickness are controlled by the printer during the
printing process and are very dependent on the material chosen. This is especially true
during the printing of semi-crystalline polymer powders such as polyamides.
Polyamide powders are frequently used for SLS printing. There are a variety of
factors to take into account when choosing an SLS powder (Figure 41a42) but polyamides
are appropriate in part due to their low melt viscosity, as well as their broad sintering
window.43 The sintering window for semi-crystalline materials is the temperature range
between the peak melting endotherm and the peak crystallization exotherm, as shown in
Figure 41b.42 This window dictates the range of bed temperatures that can be used for
sintering any given semi-crystalline polymer. If the powder is held at a temperature too
close to its melting endotherm in the print bed then it may lose resolution due to excess
powder particles sticking to the desired print path due to overheating, resulting in a loss of
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print definition.44 Conversely, if the powder is held at a temperature too close to its
crystallization temperature then it is possible for premature crystallization to occur before
the entire part is printed and this can result in warping of the final part.44

Figure 41: a) Considerations when designing a sintering powder for SLS. b) Representation
of the sintering window in semi-crystalline materials.42

Among the polyamides, polyamide 11 and 12 are the most commonly used in SLS
printing. This is due, in large part, to their lower melting point as compared to polyamide
6 (PA6).41 However, PA6 is produced industrially on a much larger scale than either 11
and 12 and is less expensive. For this reason, PA6 was the material chosen for this study.
The goal of this study was to determine if the sintering characteristics of PA6 could
be altered or improved by creating a double-network material with PA6 as the substrate,
and a secondary polymer as the guest. Here we present a new material platform in which
we create modified PA6 double-network blends and investigate their properties. These new
materials are tested for their sintering characteristics as well as other thermal and chemical
properties. We hypothesize that sintering powders generated from a kinetically trapped
blend containing two polymers that are incompatible will sinter more effectively than that
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of a homopolymer system. The basis for this hypothesis includes the fact that two
incompatible polymers, intimately mixed, will contain a high driving force for phase
separation, which should result in high reciprocal flux (phase separation) upon melting.
Styrene, and the resulting polystyrene were chosen as the modifiers for this work because
of the significant difference in solubility parameter between polystyrene (18.3 MPa1/2) and
PA6 (25.5 MPa1/2).45
Supercritical CO2 (scCO2) was selected, along with other co-solvents, including
methanol, as the solvent system to create these double-network, kinetically trapped, blends.
scCO2 was selected since previous studies have shown it to be an effective media for rapid
transport of small molecules (monomers and initiators), as well as an effective reaction
media for many chemistries.
Herein, we investigate the amount of mass uptake of monomer and resulting
polymer which can be achieved with this processing method and what effect, if any, the
monomer and co-solvent selections play on the amount of the secondary polymer that can
be created within the PA6 substrate.
3.1.2 Background
Interpenetrating networks (IPN) of polymers are defined as networks that are mixed
on the molecular scale and cannot be separated without the breaking of chemical bonds.
This is in contrast to semi-interpenetrating (semi-IPN) networks which are mixed on the
molecular level and can be separated without breaking bonds, blends, which are mixed but
not necessarily on the molecular scale46 and copolymers, which consist of two or more
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networks that are covalently bonded. In this work, one of the objectives was to determine
which category any samples formed through the use of scCO2 fall into.
The use of scCO2 to form composites or blends from two or more distinct polymers
has been reported on in literature on numerous occasions.47-53 Its use has even been
patented.47 In these cases, the scCO2 is used to facilitate the diffusion of monomeric species
into the polymer substrate and polymerization of the monomer is then performed within
the polymer. This results in the creation of new secondary polymer chains within the
already existing substrate polymer. There is no requirement for miscibility between the two
polymers49 and in fact it has been shown that this method can be used to create blends that
may not be possible with other methods because of miscibility mismatch. This method has
resulted in the creation of materials with increased mechanical properties, such as increased
yield stress53 and modulus.52 One limiting factor in this method is the miscibility of scCO2
in the substrate polymer, if scCO2 cannot diffuse into the substrate polymer then it cannot
carry monomer into the polymer. Polyamides are an example of a polymer that has only
limited miscibility with scCO2.49
There are examples in the literature of scCO2 being used to form interpenetrating
networks with polyamides48-50, but when PA6 is investigated, the mass gains are typically
quite small (a few percent), especially with styrene.49-50 There has also been work done in
using cosolvents along with scCO2 to improve diffusion into polymer systems47, but PA6
was not included. Additionally, de Gooijer discusses the use of scCO2 and a cosolvent to
achieve diffusion into PA6 for the purpose of end group modification.54 Solvents other than
scCO2 have also been used to form blends of PA6 and polystyrene.55 However, little
discussion has been found on using a quaternary system of solvent, monomer, scCO2, and
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PA6 to attain metastable polymer blends. Therefore, in this work, cosolvents were
investigated to see if their use resulted in a greater amount of mass uptake in PA6 substrates
when using styrene as the modifying agent.
In addition to the creation of blends with PA6, there is the question of covalent
bonding between the PA6 and the secondary polymer network. There are indications in
literature that the free radical reaction of vinyl monomers in the presence of PA6 can result
in the grafting of the vinyl polymer to the PA6 chains.56-58 It stands to reason that it would
also be possible to graft vinyl monomers onto PA6 which have been diffused into the PA6
through the use of scCO2 and a cosolvent. The double-network materials produced in this
study were investigated for indications of grafting.

3.2 Experimental Details
3.2.1 Double-network Creation
PA6 filament (2 mm diameter) and PA6 film (0.5 mm thickness) were purchased
from Goodfellow Corp. and stored in a desiccated environment, without prior drying, until
use. PA6 powder (Ultramid B) was provided by BASF and used as provided without further
drying. Methanol (Certified ACS) and ethanol were purchased from Fisher Scientific and
used as provided. Tert-butyl peroxybenzoate (TBPB), Styrene, and 4-vinylpyridine were
purchased from Sigma Aldrich and inhibitor was removed from the vinyl monomers over
activated alumina before use. 12.1k MW polystyrene standard powder was purchased from
Scientific Polymer Products and used as supplied.
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The reactor setup used for the
creation of the majority of samples
consisted of an MS-16 (24 mL) reactor
from

High

Pressure

Equipment

Company with a thermocouple inserted
into the bottom and a pressure gauge inline with the pressure inlet at the top as
shown in Figure 42. The pressure
Figure 42: Reactor setup used for scCO2
modification of polyamides.
control was provided by an SFT-10 CO2
Pump by Supercritical Fluid Technologies, Inc. connected to a CO2 tank. Heating tape was
used to provide controlled heating. The typical amount of combined liquid in the reactor
equaled approximately 34% of the reactor by volume. An example of this would be, for
the 24 mL reactor, 4.25 mL of styrene and 4.25 mL of methanol would be used, however,
for the samples made without methanol, approximately 8 mL of styrene would be used.
The mass of PA6 used for each reaction varied by the form of the PA6 and the reactor, but
for the 24 mL reactor, no more than 0.75 g of PA6 was used in any test, with typical masses
between 0.2 and 0.5 g. Samples were created and placed in a 10 ml glass test tube and
submerged in monomer, optional cosolvent, and TBPB, which was used in a proportion of
5 μL TBPB for every 1 mL of styrene for all tests. The test tube was then inserted into the
bottom of the reactor and the reactor closed and tightened. No effort was taken to purge
existing air from the reactor. Samples were then subjected to both a soaking stage and a
polymerization stage of varying lengths of time, where the soaking stage was performed at
a lower temperature. The samples remained in the reactor and pressurized through these
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stages and the transitions in between. When the polymerization stage was complete the
reactor was cooled to room temperature with a water bath for thirty minutes and then the
reactor was depressurized slowly over the course of several minutes to avoid possible
foaming of the sample. Tensile bars were also produced using this process, but for some, a
larger (70 mL) reactor was used. This reactor was used to scale up and allow for many bars
to be processed at once. The reactor consisted of a 316SS coned and threaded nipple from
Autoclave Engineers with a length of 305 mm and an internal diameter of 17.48 mm, with
reducing couplings at each end. The larger reactor was heated using an upright split tube
furnace (Mellen SV04-3.75x10-1Z), and purging was performed in these cases by allowing
a small amount of CO2 to bleed through the reactor for 90 seconds before sealing. Cooling
in the case of the larger reactor was performed using the cooling fans on the furnace for
one hour, following which the reactor was slowly depressurized.
For modification of powder samples, an additional level of containment was
necessary in order to keep the powder in the test tube and to avoid loss during
depressurization. To accomplish this, nickel foam was used to form a tube in which the
powder could be sealed as shown in Figure 43. The nickel foam was compressed until it
could be easily formed and then rolled into a cylinder with one end crimped. Powder was
deposited into this crimped tube and the other end was then crimped. The filled tube was
then placed in the glass test tube and the experiments run with the same method as for
filament substrate samples. The nickel foam allowed the monomer solution to diffuse into
the tube without the powder escaping.
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Figure 43: Nickel foam tube used to contain powders during processing to form doublenetwork samples using scCO2.
Following processing in the pressurized reactor, samples were removed and
washed. For film, filament, and tensile bar samples, the washing consisted of manual
wiping with acetone. For the powder samples, toluene was used to remove the excess
polystyrene from the powder. The powder was mixed with the toluene and shaken until no
clumps remained and then was centrifuged to separate powder from solvent, then additional
toluene was added. This process was repeated 5 times. Following cleaning, all samples
were dried to remove any excess solvent and absorbed water. Drying for all samples was
performed at 60ºC under vacuum for approximately 48 hours. Mass uptake was determined
via weighing before processing, and before, during and following drying.
3.2.2 Thermal Analysis
Thermogravimetric analysis (TGA) was used to characterize samples. This was
done to determine whether the samples had been dried appropriately, as well as whether
the thermal degradation profiles had changed significantly for the double-network samples.
A model Q50 Thermogravimetric Analyzer (TGA) was used with approximately 10 mg
sample sizes and temperature ramp from 20ºC to 800ºC at 10ºC/min.
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Thermal characterization was performed using a TA Instruments model Q200
Differential Scanning Calorimeter (DSC), with samples sizes of approximately 5 mg, in
hermetically sealed aluminum pans, and temperatures ranging from 0ºC to 250ºC at
10ºC/min. For certain samples, in addition to the standard heating and cooling scans, an
annealing test was also performed to determine the nature of any possible phase separation
that occurs both below and above the melting temperature of the PA6. In this test the
sample was heated at 10ºC/min from 0ºC to 150ºC with 10-minute holds at 150ºC before
cooling back to 0ºC. This was performed multiple times followed by two heating and
cooling scans from 0ºC to 250ºC to determine what effect the melting of the PA6 has on
the sample’s thermal properties. Any apparent Tg’s as well as melting and crystallization
temperatures were monitored.
3.2.3 Mechanical and Sintering Analysis
The mechanical properties, including modulus, strain at break, and yield stress of
the double-network tensile samples were investigated to determine if there were any
significant changes from the original PA6 substrate. The testing was carried out using an
Instron 5500R Mechanical Tester. Testing was performed in tension with a tensile
displacement rate of 10 mm/min
For samples made with powdered PA6, sintering experiments were run to
determine the modulus and densification profile. These tests were run to temperatures even
exceeding the PA6 melting temperature. This was especially important as it mimics the
environment in which the powders will be ultimately used. Improvements in sintering
properties (speed of densification, change in densification onset temperature, increased
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modulus etc.) will be investigated. To run these sintering experiments, a TA Instruments
model Q400 Thermomechanical Analyzer (TMA) with a standard glass expansion probe
was used. Modifications to the typical testing procedure were necessary to confine the
powder as it melts during the sintering process. To keep the probe from sinking into the
molten powder and the melt itself from flowing away from the probe, a confining method
was developed which uses a TA Instruments T-Zero non-hermetic pan and lid.
Approximately 10 mg of sample powder was deposited into the pan and preformed using
45N of force for 20 seconds and then the lid was set on top of the powder with the probe
positioned in the concave portion of the lid (Figure 44). The testing was then performed
under varying temperature profiles with 0.15N normal force and a frequency of 0.5Hz with
amplitude 0.1N.

Figure 44: Diagram of TMA setup used for testing of powders.

3.2.4 Grafting Investigation
To confirm that any mass uptake was associated with creation of a secondary
network, attenuated total reflectance Fourier-transform infrared spectroscopy (ATR FTIR)
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testing was performed using a Perkin Elmer Spectrum One spectrometer with an attached
Universal ATR Sampling Accessory. The FTIR spectra were taken of the double-network
samples, along with their starting materials, to ensure that the secondary polymer was still
present after purification of the sample. Peaks at 3300 cm-1 corresponding to secondary
amine stretching as well as 690 cm-1 corresponding to aromatic, monosubstituted out-ofplane bending of the carbon hydrogen bond in the styrene ring were used to determine if
both polymers were present in the sample.
To determine if covalent bonding is occurring between the PA6 substrate and the
secondary polymer, miscibility studies were performed. Double-network samples were
dissolved in a mutual co-solvent and then precipitated into various antisolvents. This was
done to determine if a change in solubility parameter was evident in the samples with
increasing polystyrene content. This test was also used to determine if an immiscible IPN
was formed.

3.3 Results and Discussion
3.3.1 Double-network Creation
Experiments were performed to determine if styrene could be used as a modifying
agent for PA6. Original experiments were performed on 2 mm diameter PA6 filament. As
discussed in section 3.2.1, the filament was immersed in a solution containing monomer,
TBPB and optionally a co-solvent. Samples were then processed in scCO2 as indicated in
Table 12.
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Table 12: Reaction conditions and resulting effect on PA6 substrates.
Modifier

Co-Solvent
/Comment

Conditions

Observation

Styrene

N/A

28MPa/75°C/24hrs
28MPa/100°C/24hrs

PA visually swollen
at top

Styrene

N/A

28MPa/75°C/24hrs
28MPa/115°C/12.5hrs

PA visually swollen
at top

Styrene

Ethanol
50mass%

28MPa/75°C/12hrs
28MPa/115°C/6.5hrs

PA swollen (18.5%
mass increase)

Styrene

½ Styrene

28MPa/75°C/24hrs
28MPa/115°C/15hrs

PA swollen (18.3%
mass increase)

Styrene

Methanol
50vol%

28MPa/75°C/24hrs
28MPa/115°C/15hrs

PA swollen (105%
mass increase)

It was found that during processing with styrene in the absence of a co-solvent, a
solid polystyrene plug formed around the filament, filling a portion of the test tube. The
portion of the PA6 filament that extended above this solid plug appeared swollen as
compared to the portion encased in the plug, possibly indicating that styrene diffusion into
the PA6 is enhanced in the supercritical phase as opposed to the liquid phase within the
reactor. To test this, two sample were produced, both containing half of the original
quantity of styrene, one with only the styrene and one with an equal mass of ethanol. As
can be seen from Table 12, while there are some differences in the processing times
between the two samples, there is approximately equal amounts of mass increase. Both of
these PA6 filaments appeared swollen, with the half styrene sample being noticeable
swollen above the (much smaller) plug and the ethanol containing sample swollen along
its entire length. Additionally, in the ethanol containing sample, no plug was evident.
Following these tests, it was noticed that in the paper by de Gooijer54, significantly more
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end groups in the PA6 were modified using methanol as a co-solvent, as opposed to
ethanol. Methanol was then tested at 50% by volume with styrene. The results of this test
were dramatic. Not only was there no plug evident, but there was significant swelling along
the entire length of the PA6 filament, even following the washing and drying process as
shown in Figure 45. When the mass increase was tested it was found to be 105% making
the sample over 50% by mass polystyrene. These conditions were then chosen for future
sample creation and testing.

Figure 45: Top) 2 mm diameter PA6 filament before processing. Bottom) PA6 filament
after processing with a mass increase of 105%.
In addition to film and filament samples, powder samples were created from
powdered PA6. Nickel foam was used to contain the powder and the sample again swelled
significantly as shown in Figure 46. In fact, the nickel foam tube, following processing was
distended from the swelling of the powder. Following processing, there was again no
polystyrene

plug

surrounding

the

nickel

tube

but,

there

was

polystyrene

surrounding/adhering the powder particles within the tube. This was removed with several
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Figure 46: Processing of PA6 powder. Top) Nickel foam sleeve with powder inside, before
processing. Middle) Sample after processing , inside foam sleeve, showing a small amount
of polystyrene on surface as well as distention from swollen powder. Bottom) Sample after
processing with foam sleeve partially removed displaying powder adhered together with
polystyrene.
toluene washes and centrifugation as described in section 3.2.1. Following this cleaning
and subsequent drying, it was determined that the resulting sample had increased in mass
by 300% from the original powder. Therefore, this powder sample was approximately 75%
by mass polystyrene and 25% by mass PA6 but was templated by the original shape of the
PA6 powder particles as shown in Figure 47.
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600 μm

600 μm

300 μm

300 μm

Figure 47: Left) control PA6 powder before processing. Right) Composite powder with a
mass increase of 300% resulting in a material that is 75% polystyrene and 25% PA6.
Powder particles are noticeably larger.
It was found that while this process was very robust and always resulted in large
mass increases in the PA6 substrates, there were experimental parameters which affected
the extent of mass increase in the resulting samples. Thicker PA6 samples typically resulted
in lower mass uptake, indicating that, at least at some sufficient thickness, this process is
diffusion limited. This is further indicated by the significantly larger mass increase in
powdered samples, as compared to the filament. Additionally, it was found that within the
reactor, there was a slight height dependence on mass uptake, with samples at the bottom
of the reactor having a higher mass increase as compared to samples that are further up in
the reactor. Whether this is a result of a small heat gradient during the process, or perhaps
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a mass gradient of the reactants in the reactor due to the lack of mixing is unclear and is an
area of opportunity for future research. By creating several samples from films, filaments
and powders, tuning these parameters, a range of samples with varying amounts of mass
increase were produced.
3.3.2 Thermal Analysis
TGA was performed on the powder sample (75% by mass polystyrene) and
compared to both the control PA6 powder and the polystyrene residue that remained in the
reactor following processing. As can be seen in Figure 48, the thermal stability of the
sample appears to be very similar to that of the PA6 with a slightly higher degradation
onset but a faster degradation following onset. Additionally, the sample, even though it
consists of 75% by mass polystyrene, has a significantly higher degradation onset,
approximately 100ºC higher, as compare to polystyrene, indicating that the polystyrene is
thermally stabilized within the sample. There is a slight drop in mass for the polystyrene
and the sample (2-3%) beginning at just above 100ºC, but this is mostly likely due to a
small amount of residual toluene, which boils at 111ºC, that was not removed during
drying.
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Figure 48: TGA results of PA6, polystyrene, and composite powder following washing and
drying. Results show a significantly higher thermal degradation onset for the composite
sample as opposed to the polystyrene, even though the composite is 75% by mass
polystyrene.
DSC scans were also performed on the sample and compared to the results from
PA6. Figure 49 shows the first heating and cooling of both materials. Integrating the first
melting endotherms of both materials gives approximately 66 J/g for the PA6 and 19 J/g
for the sample, which correlates to 28.5% and 8% crystallinity by mass respectively.59 This
indicates that there is no significant crystallinity lost through the sample production
process, since the sample has just 25% by mass of the original PA6, it would be expected
to have a crystallinity of just over 7%. This result compares well with previous reports of
this type of scCO2 process not affecting the crystalline regions of polymers.52
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Figure 49: DSC traces of the first heating and cooling of both PA6 and composite powder
sample. Composite shows a more pronounced Tg, but still also displays a melting
endotherm peak indicative of PA6 crystallinity.
In addition to using DSC to test percent crystallinity differences, it can also be used
to indicate if the component polymers of the sample are mixed on the molecular scale.60 If
this is occurring it is evidenced by a single glass transition temperature, on the first heating
scan, and that is what was seen for the sample as shown in Figure 50. The single Tg was
measured at 87.8ºC, which is between the Tg’s of PA6 and polystyrene, 47ºC and 100ºC,
respectively. During the second heating scan, after exceeding the melting temperature of
the PA6, two Tg’s were evident. One possible explanation for there being two Tg’s
following melting is the immiscibility of the two polymers making up the sample. As the
temperature increases, the chains become more mobile and can undergo phase separation
which results in two Tg’s.
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Figure 50: First and second heating scans of 75% polystyrene sample. Left shows the full
temperature range displaying the melting endotherms for both heating scans. Right is
zoomed in on the temperature range of the Tg's of the sample and shows that there is a
second Tg that develops after melting of the sample.

To investigate if melting of the PA6 component of the sample is required to see the
second Tg, annealing studies were performed as described in section 3.2.2. As shown in
Figure 51, it was found that with continued annealing, the Tg increased up to a plateau
value at around 107ºC. It was also found that through ten annealing cycles, there was no
indication of development of a second Tg corresponding to PA6 that had gone through
phase separation.
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Figure 51: Annealing scans of 75% polystyrene sample. Annealing was performed at
10ºC/min from 0ºC to 150ºC with 10-minute holds at 150ºC before cooling back to 0ºC.
Left shows individual scans and right shows the increase in Tg that occurs with increased
annealing. Left also shows that even with repeated annealing cycles, no second Tg develops
at lower temperatures.

The increase in glass transition temperture with annealing is expected due to
thermal aging of the material causing realxation that results in a higher temperature
required to reach the rubbery state.61 To confirm that the increase in Tg also occurs in
control polystyrene, and is not unique to the sample, two different types of polystyrene
were also annealed, one of residual polystyrene from the reactor following scCO2
processing and one of 12.1k molecular weight control polystyrene powder. The results of
these annealing tests can be seen in Figure 52. Both the residual polystyrene as well as the
control powder showed a similar increase in Tg with continued annealing at 150ºC. One
distinct difference between the sample and the control polystyrenes was the maximum
plateau Tg that was reached. The residual polystyrene and control powder reached 95ºC
and 94ºC respectively while the sample reached 107ºC. Typically when an interpenetrating
or semi-interpenetrating network is formed, because the polymers are well mixed, the glass
90

transition temperture lies between the Tg’s of the two component polymers62-63 and can be
modeled by the Fox equation.63 The fact that the single Tg of the 75% polystyrene sample
lies outside of the two Tg’s of its component polymers indicates that there may be lower
mobility in the double-network system which could be one effect of grafting between the
networks.

Figure 52: Glass transition temperature increase with increasing annealing. Left)
Polystyrene residue form the processing of PA6 that has been dried. Right) 12.1k MW
polystyrene powder standard.
To confirm that it is the melting of the PA6 portion of the sample that results in two
Tg’s in the subsequent heating scans, the sample that had undergone annealing as shown
previously was then heat cycled up to 250ºC twice and the results displayed in Figure 53.
From the figure we can see that there is no significant change in the Tg at 107ºC, but there
is a secondary Tg that develops at 49ºC, corresponding to where the Tg for PA6 would be
expected. As mentioned previously, this evolution of a secondary Tg could be used to
indicate phase separation, and that may indeed be what is occurring in this system.
However, another factor that may be contributing to the secondary Tg in this system is the
change in percent crystallinity between the first and second heating scan. On the first
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heating above 250ºC, the melting endotherm was approximately 22 J/g whereas for the
second scan, the melting endotherm was 18 J/g. This indicates that there was almost 2%
by mass less crystallized PA6 on the second scan. That 2% by mass of now amorphous
PA6 may be contributing to the secondary PA6 Tg that was observed on the second heating
scan. This is especially true if, as will be discussed in a future section, there is covalent
grafting occurring between the PA6 and the polystyrene which may frustrate, if not
completely prohibit phase separation in the sample.

Figure 53: Two heating scans that extend above the melting temperature of the sample,
following ten annealing cycles. Left shows the full temperature range displaying the
melting endotherms for both heating scans. Right is zoomed in on the temperature range
of the Tg's of the sample and shows that even after annealing the second Tg only develops
after melting of the sample.
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3.3.3 Mechanical and Sintering Analysis
Samples for tensile testing were produced from PA6 film cut into dog-bone tensile
geometry before scCO2 processing. These samples were then processed, washed and dried
as discussed previously. To process several samples at once, a different reactor with a larger
volume, as discussed in section 3.2.1, was used, as shown in Figure 54. The samples were
stacked in an orthogonal configuration within the reactor. As mentioned previously, when
samples varied in their height within the reactor, their amount of mass uptake also varied,
with mass uptake generally decreasing with distance from the bottom of the reactor. This
effect was used to create samples with varying amounts of polystyrene. These samples
were then tested in tension in the Instron and the resulting stress and strain recorded. Some
representative samples are plotted in Figure 55.

Figure 54: Illustrations of both the smaller reactor (used for powdered and filament
samples) and the larger reactor (used for tensile dog-bone samples) as well as the
dimensions of the tensile dog-bone samples before processing.
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Figure 55: Representative stress strain curves showing both control PA6 as well as
composite samples.

As can be seen from Figure 55, the double-network samples have increased
modulus values as compare to the control PA6, and the yield stresses are also elevated in
some cases. However, the strain at break is significantly depressed in all displayed samples.
Normalized modulus, yield stress, and strain at break for all samples tested, with
varying proportions of polystyrene, are displayed in Figure 56. There are some general
trends that are apparent from the plots: modulus is generally higher for most samples, yield
stress shows a large amount of scatter with the average centered around the yield stress
found for the control PA6, and the strain at break shows a decrease of approximately an
order of magnitude from the control for most samples. These results show that significant
changes occur in the mechanical properties as a result of the addition of the second polymer
network. Additionally, the mechanical properties of the double-network samples also do
not seem to change significantly with increasing proportions of polystyrene. While the
cause of this effect is unclear, it is interesting to note that the full extent of the changes in
the mechanical properties occur even for mass uptakes as low as 25% (correlating to a
sample that is 20% polystyrene). These results point to a mechanism that is not simply
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additive for mechanical properties. For instance, it would be expected that as the amount
of polystyrene, which has a higher modulus than PA6 in general, increases in the sample,
the sample modulus would increase, but this is not observed.

Figure 56: Top Left) Image of both PA6 and composite tensile samples. Top Right)
Modulus, normalized by the average modulus of control PA6, vs. % mass increase for a
variety of composite samples spanning a range of polystyrene proportions. Bottom Left)
Strain at break, normalized by the average strain at break of control PA6, vs. % mass
increase for a variety of composite samples spanning a range of polystyrene proportions.
Bottom Right) Yield stress, normalized by the average yield stress of control PA6, vs. %
mass increase for a variety of composite samples spanning a range of polystyrene
proportions.
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In addition to mechanical testing via Instron, the sintering properties of the sample
powders were investigated using a confined TMA testing method as described in section
3.2.3. The results of this testing, for both the 75% by mass sample (300% mass increase)
and the control PA6 powder, were plotted on top of the DSC results from their respective
materials in Figure 57 to show how thermal transitions effect the sintering. Density was
calculated by dividing the mass of the sample by the volume, found using the in-situ height
measurement and the internal pan diameter (5 mm). This density was then divided by the
density of the amorphous polymer (ρs), 1.1 gm/cm3 for PA664 and 1.05 gm/cm3 for PS65,
respectively. For the double-network sample the amorphous polymer densities were
weighted by the amount of each component polymer in the sample. Normalized modulus
for the samples was calculated by dividing the modulus measurements by the maximum
modulus value found during each test.
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Figure 57: Results of confined DMA testing for sintering properties. Top) Both normalized
density and normalized modulus vs. temperature for control PA6 powder, showing thermal
expansion and densification at the melting point. Bottom) Both normalized density and
normalized modulus vs. temperature for 75% polystyrene composite powder, showing
thermal expansion and densification at the Tg as opposed to the melting point.

The results for the control PA6 are as expected regarding the density measurement.
The density decreases slightly as the sample heats, due to thermal expansion, and then at
the melting point of the PA6 the density increases dramatically, correlating to melting and
densification of the powder via loss of the voids between particles. The modulus is slightly
more erratic but does show a drop at the melting point.
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The double-network sample powder shows significantly different sintering
behavior from the control. The sample powder decreases slightly in density, due to thermal
expansion, until it reaches its Tg where it begins to densify quickly, followed by a region
of slow densification. It is also interesting to note that no significant change in density
occurs at the melting point of the sample, even though there clearly is melting based on
DSC data. Additionally, there is a large drop in modulus at the Tg of the sample and
practically no change at the melting point. This indicates that the sintering of the sample
powder is dominated by the polystyrene portion of the sample, which may be expected of
a material that is 75% by mass polystyrene. Future opportunities for research in this area
could include investigating at what mass percent of polystyrene does the polystyrene begin
to dominate the sintering.
3.3.4 Grafting Investigation
In order to determine if covalent bonding was occurring between the styrene, and
resulting polystyrene, and the PA6 it was advantageous to find a mutual solvent for both
the PA6 and the polystyrene. This was a challenge in that PA6 is immiscible in most
common organic solvents due in large part to its semi-crystalline nature. Additionally,
common solvents for polystyrene, such as toluene, had already been used to wash the
samples with no noticeable dissolution. It was found that m-cresol, when heated to 60ºC,
dissolved the sample and the resulting solution remained miscible even when cooled to
room temperature. Using this mutual solvent, it was possible to begin testing the solubility
of the samples in other solvents.
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One test used to determine if covalent grafting was occurring during sample
production was to attempt to precipitate the dissolved sample into a solvent in which
polystyrene is miscible, but PA6 is not. Toluene was chosen as the first solvent for use
because it is a common polystyrene solvent and was also known to not dissolve the sample
at room temperature. Several samples were dissolved in 1 g of m-cresol. The samples were
dissolved in quantities that kept the total amount of PA6 in the solution constant, as shown
in Table 13. This was done in order to ensure that there was sufficient PA6 to precipitate
noticeably, assuming the pure PA6 control precipitated. These dissolved samples were then
precipitated into 14 g of toluene with stirring.
Table 13: Samples dissolved in 1 g of m-cresol and precipitated into 14 g toluene.
Solubility results listed, showing an apparent change in solubility parameter as polystyrene
percentage increases.
PS Composition PA6 Mass in
PS Mass in
Total Mass in
Solubility in
(%)
Solution (mg) Solution (mg) Solution (mg)
Toluene
N/A
10.0
0.00
10.0
Insoluble
20
10.0
2.5
12.5
Insoluble
28
10.0
3.9
13.9
Soluble
60
10.0
15.0
25.0
Soluble
72
10.0
26.0
35.7
Soluble
75
10.0
30.0
40
Soluble
As can be seen from Table 13, the control PA6 sample precipitated, as expected, as
did the sample consisting of 20% by mass polystyrene, but all samples with polystyrene
proportions above 20% were miscible in the toluene. This is a very interesting result, it is
a strong indication that there is covalent grafting occurring, as evidenced by the apparent
change in the solubility of the sample as polystyrene percentage increases. Additionally, it
shows that the samples, at sufficient polystyrene content, are indeed soluble in toluene.
However, it was observed that in their solid, undissolved form the samples would not
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dissolve in toluene at room temperature. This indicates that the double-network samples
are still held together sufficiently by the physical crosslinks provided by the PA6 crystals
to prevent dissolution. This was true even up to samples that had 75% polystyrene by mass.
The sample with 20% polystyrene was most likely not sufficiently grafted to change the
solubility parameter enough to cause solubility in toluene.
To better characterize grafting in the samples, a second precipitation process was
used on new samples to remove any residual polystyrene homopolymer. While toluene was
used previously, cyclohexane was chosen for the antisolvent in this precipitation. It was
chosen for testing based on its Hildebrand solubility parameter45, 66, as shown in Table 14,
which was much farther from the solubility parameters of both the PA6 and the polystyrene
while still being a solvent for polystyrene. It was expected that this would result in solvation
of homopolymer polystyrene, but dissolution of all grafted samples, which would have
solubility parameters closer to that of PA6.
Table 14: Hildebrand solubility parameters for polymers and solvents used during testing.
Polymer, Solvent

δh (MPa1/2)

PA6

25.5

Polystyrene

18.3

M-cresol

27.2

Toluene

18.3

Cyclohexane

16.8

It was found that when control PA6, as well as samples that consisted of 34% and
75% by mass polystyrene were dissolved in 1 g m-cresol and subsequently added to 14 g
cyclohexane under mixing, all precipitated. When the same test was performed with
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polystyrene, the polystyrene remained in solution, as expected. Precipitating the dissolved
samples into cyclohexane was then used for purification of samples for further testing.
Following precipitation, the samples were decanted, washed with cyclohexane, and
dried under vacuum at 60ºC for 48 hours. The samples were then tested via DSC as shown
in Figure 58

Figure 58: Top) Full first heating and cooling scans for two purified composites of varying
mass percentage of polystyrene. Bottom Left) First and second heating scans for the two
purified composite samples showing Tg region. Bottom Right) First and second heating
scans for the two purified composite samples showing melting region.
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From Figure 58 we can see that the precipitated samples look very similar to the
unpurified samples. We see a composite Tg that increases on the second heating scan, and
a very slight secondary Tg which also appears on the second scan. Additionally, the Tg’s
appears to be relatively independent of the proportion of polystyrene in the sample. The
melting endotherms can again be used to calculate the percent crystallinity in the two
samples. And the results can be seen in Table 15. It is notable that for the 75% polystyrene
sample, the measured crystallinities of 7% and 8% match the values measured in section
3.3.2, indicating that very little polystyrene was removed during the precipitation process.
Additionally, assuming the same 28.5% starting crystallinity for the base PA6 used to make
the 34% polystyrene sample, the expected crystallinity would be 19% by mass. This shows
that for the 34% sample, like the 75% sample, very little polystyrene was removed during
precipitation. These results, when combined, indicate that either most of the polystyrene
that is polymerized during the scCO2 process is grafted, or that the toluene wash used to
clean the samples is sufficient to remove the majority of the homopolymer
Table 15: Thermal properties found through DSC testing of two purified samples. Xc is
percent crystallinity, ΔHc is the heat of solidification and ΔHm is the heat of fusion.
Sample

1st Heat
Xc (%)

2nd
Heat Xc
(%)

1st Cool
ΔHc1
(J/g)

1st Cool
ΔHc2
(J/g)

2nd Heat
ΔHm1
(J/g)

Precipitate of 34%
PS/PA6 Powder

19

18

20

21

41

Precipitate of 75%
PS/PA6 Powder

7

8

0

17

18

The crystallization peaks in the precipitated samples also show interesting results.
While the 34% sample shows the characteristic crystallization exotherm peak at
approximately 190ºC it also shows a broad exotherm between 55ºC and 95ºC. Furthermore,
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the 75% sample does not show any appreciable peak at 190ºC and instead only shows the
broad exotherm at lower temperatures. Table 15 tabulates the values of the first cooling
exotherms, with Hc2 correlating to the area under the broad exotherm, and second heating
endotherm. It was found that energy is conserved between the crystallization and melting
peaks for both samples. These results indicate that the grafted polystyrene is acting to
frustrate the crystallization of the PA6 and that increasing polystyrene causes increasing
frustration.
The precipitated samples were also tested via ATR FTIR and the results are
displayed in Figure 59. Both samples showed peaks at 3300 cm-1 corresponding to
secondary amine stretching as well as 690 cm-1 corresponding to aromatic,
monosubstituted out-of-plane bending of the carbon hydrogen bond in the styrene ring.
Also, the styrenic peaks are significantly higher, as compared to the secondary amine peak
in the 75% sample, which would be expected of a sample with proportionally more
polystyrene. These results show that even after removing the homopolymer polystyrene by
precipitation, there is still styrenic character in the powdered samples.
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Figure 59: ATR FTIR spectra of control PA6, polystyrene produced under scCO2, and two
purified composite samples. Both composite sample show peaks belonging to PA6 as well
as polystyrene, indicating that following precipitation in cyclohexane, there is still styrenic
functionality in the composite powders.

3.4 Conclusions
A process involving scCO2 and methanol as co-solvents has been described which
allows for both diffusion and polymerization of styrene within PA6. While cosolvents were
not strictly necessary to cause mass uptake, the use of methanol drastically increased the
mass uptake of the secondary polymer within the PA6. DSC testing showed that the
crystallinity of the PA6 was maintained, indicating that minimal diffusion occurred into
the crystalline domains. Additionally, DSC also showed a single Tg during heating until
the melting temperature of the PA6 is exceeded, which indicates mixing on very small
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length scales, even possibly on the molecular scale. Annealing studies further showed that
while the Tg of the sample increases with thermal aging, as long as the melting point of the
PA6 is not exceeded, there is no indication of a Tg corresponding to PA6. In a powder
sample, tested via a confined DMA method, that was 75% by mass polystyrene, the
sintering profile more closely resembles polystyrene, indicating that sintering properties
can be modified with this method. Solubility testing demonstrated that changes occurred
in the solubility of the double-network samples as compared to PA6, indicative of grafting
or other covalent modification. This double-network material was purified by precipitation
in cyclohexane and the resulting polymer still shows polystyrene present via FTIR. The
precipitated material also continued to show a single composite Tg as well as melting and
crystallization peaks corresponding to PA6 crystals, although the crystallization of the PA6
portion appeared frustrated at higher polystyrene content. When combined, these results
indicate that the materials created using this process consist of PA6 covalently grafted with
polystyrene in such a way that only the amorphous regions are grafted, as evidenced by the
continued crystallinity of the samples. While perhaps not ideal for selective laser sintering
as originally desired, these blocky copolymers may show in the future to be unique
compatibilizers for other immiscible polymer systems.

3.5 Future Opportunities
There are several avenues of possible future research introduced by this study. One
aspect that was not specifically investigated is the gradient of mass increase caused by
changing the height of the sample within the reactor. Further testing to determine the extent
of this gradient effect as well as how to mitigate it would be valuable for future production
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of these materials. Additionally, this effect might also be leveraged to form materials that
have a gradient of mass uptake. Processes to create gradient materials are prevalent in
literature35, 67-68, and materials resulting from enhancing this gradient effect, rather than
mitigating it, may show unique properties.
Another possibility for future research consists of determining the exact effect that
variations in proportion of polystyrene have on the sintering properties of the final material.
It was shown in this work that at 75% by mass polystyrene, the sintering appeared
dominated by the polystyrene. A range of powder samples could be produced with varying
amounts of polystyrene and tested for when the transition occurs from sintering like PA6
to sintering like polystyrene, and if the transition is sharp or gradual. It also may be found
that polystyrene as the secondary network does not ever yield improved sintering
properties, because if its brittle nature and high melt viscosity. It may be advantageous to
investigate other polymers as the secondary network, which leads into the final area of
possible future research.
While not discussed in this chapter, this process has been shown to be applicable
for a variety of vinyl modifiers. When 4-vinylpyridine was used in place of styrene, again
with methanol as a cosolvent, the mass uptake in the PA6 fiber substrate was 46%.
Additionally, HEMA, PMMA, and urethane acrylates have also been shown to result in a
large mass uptake when used as the modifier for PA6. In fact, the next chapter will
investigate using the process described here to form double-network materials with latent
reactivity from blocked isocyanates with acrylate functionality. The full spectrum of
monomers that could be used and materials that could be produced using this process are
almost infinite.
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CHAPTER 4
CREATING LATENT REACTIVITY IN POLYAMIDE 6 USING
SUPERCRITICAL CO2 AS A TRANSPORT AND REACTION MEDIA
4.1 Introduction
4.1.1 Motivation
In the previous chapter the concept of powder modification using supercritical CO2
(scCO2) as a transport and reaction media to create new selective laser sintering (SLS)
materials was introduced. In that chapter, secondary networks of polystyrene were grown
within a polyamide 6 (PA6) substrate. While the addition of polystyrene to the PA6 had a
dramatic effect on the sintering and mechanical properties of the material, this material is
still expected to sinter purely through melting and the resulting chain entanglement.
However, in regions where chain entanglement is insufficient, it is foreseeable that
mechanical properties may be detrimentally affected, leading to portions of a printed part
with weakened mechanical properties.69 One approach that was investigated to mitigate
this possibility is to introduce latent functionality into the PA6 blend which would undergo
crosslinking at a specific temperature.
As demonstrated previously, a cosolvent process consisting of scCO2 and methanol
can be successfully used to diffuse and polymerize monomers within a PA6 matrix. While
polystyrene and all mentioned examples of this have been based on nonfunctional starting
monomers, this process may be capable of also diffusing and polymerizing monomer
species with latent functional groups. These functional monomers would then form a
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second polymer network within the PA6, a second polymer which could undergo
crosslinking during the sintering process.
A large variety of latent or reversible functional groups including Diels-Alder
chemistry70, cinnamoyl groups71, and blocked isocyanates72 may be possible using this
technique. Blocked isocyanates were chosen as the first functional type for study based on
their relative ease of production, as well as the control that can be demonstrated over the
deblocking temperature, which depends strongly on the blocking agent used.73
Methacrylate functional isocyanates were purchased commercially and tested with a
variety of blocking agents. The resulting blocked isocyanates were copolymerized with
hydroxy containing comonomers.
The scCO2 and methanol cosolvent diffusion process presented in Chapter 3 was
investigated as a means to create double-network materials consisting of a PA6 substrate
with a copolymer secondary network containing both blocked isocyanate and hydroxyl
functional groups.
The copolymers were tested for their miscibility in methanol, their deblocking temperature,
the ability of the monomers to diffuse into PA6, as well as subsequent crosslinking
reactions both as neat polymers, and in the double-network blend with PA6. Doublenetwork samples were also tested for their mechanical properties and the changes in those
mechanical properties with temperature. Finally, samples were created from both
powdered and film PA6 substrates and tested for their resulting sintering and welding
properties.
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4.1.2 Background
SLS printing was first described in 1989 in a patent by Carl Deckard74 and has since
been applied to printing a variety of materials including polymers, metals, and ceramics.41
This process was described in Chapter 3, but essentially consists of building up a plurality
of layers from powdered materials using an infrared laser to perform the directed sintering.
When polymers are used as the basis of the printing powder, typically sintering takes place
through nonreactive mechanisms such as melting of the powder and entanglement of the
chain ends within the melt.69 There are 3D printing techniques that take advantage of
reactive materials to form the final shape, such as stereolithography and inkjet printing.75
But historically 3D printing methods that take advantage of polymer melting, such as SLS
and Fused Filament Fabrication (FFF)75, create final parts that are adhered through chain
melting and entanglement alone. There are however a few examples of polymer melting
based 3D printing that take advantage of simultaneous reaction. These include Diels-Alder
functional polymers both alone76 as well as blended with PLA for FFF printing
applications.77 These examples contain Diels-Alder functional groups based on
bismaleimide and furan that will disassociate at sufficient temperatures and then recombine
when the material is cooled causing crosslinking in the new physical shape of the printed
part. In regards to SLS printing, a powder based on polymethylsilsesquioxane which
undergoes condensation reactions at elevated temperatures has been reported78 for use as a
precursor to ceramic printed parts. Additionally, a two part epoxy resin was employed
along with polyamide 12 to form a thermosetting material79 that was speculated to be useful
for SLS printing.
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Isocyanates and blocked isocyanates have been used in the past to create crosslinks
within preexisting polymers.80-81 Additionally, isocyanates have been shown to be reactive
with some amides82, and blocked isocyanates have shown reactivity with alcohols when
bound to polymer chains.83 This evidence shows that there may be the possibility for
blocked isocyanates to act as crosslinking agents in pre-existing PA6 substrates when the
blocked isocyanate is applied as a free radically polymerizing monomer in the supercritical
processing method presented here. Examples of blocked isocyanates that have
methacrylate functionality and are radically polymerizable are listed in the literature.84-85
We will investigate these blocked isocyanate monomers for diffusion into PA6 and
subsequent deblocking and crosslinking both with and without added hydroxy functional
methacrylate monomers. The desired result would be a composite material which could
crosslink when its temperature is increased to above the deblocking temperature of the
isocyanate. This has the potential to create composite powders that sinter not only through
chain diffusion and melting, but also through covalent bonding between the chains.

4.2 Experimental Details
4.2.1 Materials and Blocked Vinyl Isocyanates
2-hydroxyethyl methacrylate (HEMA), 2-isocyanatoethyl methacrylate (IEM), εcaprolactam, p-cresol, and 2,2,2-trifluoroethanol, and benzoyl peroxide (BPO) were
purchased from Millipore Sigma. Methanol (Certified ACS), toluene, acetone, and
chloroform were purchased from Fisher Scientific. N-hydroxysuccinimide and
cyclohexanone oxime were purchased from Arctom Chemicals LLC. All reagents were
used as received without further purification. PA6 film (0.5 mm and 1 mm thicknesses)
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were purchased from Goodfellow Corp. and stored in a desiccated environment, without
prior drying, until use. PA6 powder (Ultramid B) was provided by BASF, stored in a sealed
bag, and used as provided without further drying.
Blocked isocyanates were produced from IEM using the conditions listed in Figure
63. Blocked isocyanate monomers were tested for methanol solubility, which was
performed as a screening method. Methanol is the cosolvent used to produce composite
samples in the supercritical reactor, so if the blocked isocyanate is methanol insoluble then
there was no purpose in further testing. Blocked isocyanates were then homopolymerized
and copolymerized with 50% by mole HEMA, using BPO as an initiator. Following
polymerization, copolymer samples with both blocked isocyanates and HEMA were tested
with various methods to determine if they undergo crosslinking at elevated temperatures
as shown in Figure 60. Double-network samples using PA6 were also produced with
blocked isocyanate monomers and these samples were tested for deblocking and
subsequent crosslinking.
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Figure 60: Crosslinking reaction of methanol blocked IEM. When heated the methanol may
volatilize and the resulting reactive isocyanate crosslinks with the hydroxyl containing
HEMA.
4.2.2 Chemical Analysis
To determine if blocking occurred in the isocyanates, attenuated total reflectance
Fourier-transform infrared spectroscopy (ATR FTIR) testing was performed using a Perkin
Elmer Spectrum One spectrometer with an attached Universal ATR Sampling Accessory.
In the case of blocking the isocyanates, there is a large characteristic peak for NCO
stretching at around 2250cm-1. This peak disappears when the isocyanate becomes blocked
and it can be monitored while the blocking reaction is occurring to determine when it is
qualitatively done. This testing was performed for all blocking reactions.
To determine if there is significant change in the active functionality of the
methacrylate group during blocking, the samples were also be subjected to testing via
NMR. The samples were diluted in deuterated chloroform, and the 1H NMR spectra were
recorded using a Bruker 500 MHz Ascend retrofitted with a cryo-probe with all J-values
given in Hz.
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4.2.3 Double-Network Creation
Double-network samples were
created through a cosolvent process with
scCO2

and

methanol

using

PA6

substrates inside a pressurized reactor
(Figure 61) as described in Chapter 3.
Equal

volumes

of

monomer

and

methanol were used along with the
selected PA6 substrate through a soak

Figure 61: Reactor setup used for scCO2
period of 24 hours at 75ºC and a modification of polyamides.
subsequent polymerization step for 15 hours at 115ºC under a constant pressure of 28 MPa.
TBPB was used in the same molar proportion, with respect to monomer, as used in chapter
3 (approximately 573 μL of TBPB per mole of monomer). If both blocked isocyanate and
HEMA monomers were used, then equimolar amounts were combined to equal the same
volume as the methanol used. The amount of combined monomer and methanol in the
reactor equaled approximately 34% of the reactor by volume. An example of this would
be, for a 24 mL reactor, 4.25 mL of monomer and 4.25 mL of methanol would be used.
After the polymerization stage, the reactor was cooled to room temperature and slowly
depressurized. Following removal from the reactor, samples were washed in acetone,
possibly with mechanical scrubbing to remove any polymer residue from the surface. They
were then dried at 60ºC under vacuum for 48 hours. For powder samples, a nickel foam
tube was also added to contain the powder during processing, but all other process
parameters, up to the washing of the sample, remained the same. One exception to this
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process was made for samples used in welding experiments. For these samples, the amount
of monomer solution was cut in half and the methanol increased by 50%. These reactions
contained the same volume of liquid within the reactor, but half the monomer content,
which resulted in a lower mass uptake of secondary polymer during processing.
4.2.4 Thermal Analysis
Thermogravimetric analysis (TGA) was used to characterize all samples. This
testing was performed to show not only that all solvent was removed during the drying
process, but also where the onset of deblocking began for both neat polymers and doublenetwork samples. According to literature86, deblocking and subsequent volatilization of the
blocking agent presents as an initial drop in mass as shown in Figure 62. A model Q50
Thermogravimetric Analyzer (TGA) was used with approximately 10 mg sample sizes and
temperature ramps performed from 20ºC to 800ºC at 10ºC/min.

Figure 62: Diagram of the shape of a TGA curve showing the stepped shape that results
from the deblocking of isocyanates.86
Thermal characterization was also performed using a TA Instruments model Q200
Differential Scanning Calorimeter (DSC), with samples sizes of approximately 5 mg, in
hermetically sealed aluminum pans, and temperatures ranging from 0ºC to 225ºC. This was
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performed in an attempt to see if either endotherms, which may indicate deblocking, or
exotherms, which may indicate crosslinking of the isocyanates, occurred.87-88
4.2.5 Mechanical and Sintering Analysis
The mechanical properties with respect to temperature, including modulus and Tg,
of the composite materials were investigated to determine if there was a significant change
from the original PA6 substrate. If crosslinking occurred due to the deblocking and
subsequent reaction of the isocyanate, it would be expected that the modulus would
increase, and if sufficient crosslinking occurred the material may not even yield at the
melting point of the PA6. Samples of the composites made with the 0.5 mm PA6 film were
tested in the TA Instruments model Q800 DMA under oscillatory tensile stress from 0ºC
to 250ºC and the storage, and loss modulus as well as the tanδ were recorded and analyzed.
For powdered samples, the sintering properties, as demonstrated by the change in
density during a heating scan, were also tested. To run these sintering experiments, a TA
Instruments model Q400 Thermomechanical Analyzer (TMA) with a standard glass
expansion probe was used. Modifications to the typical testing procedure were necessary
since the powder is taken above its melting temperature during the sintering process. To
keep the probe from sinking into the molten powder and the melt itself from flowing away
from the probe a confining method, as previously discussed in Chapter 3, was developed
which uses a TA Instruments T-Zero non-hermetic pan and lid. Approximately 10 mg of
powder was deposited into the pan and preformed using 45N of force for 20 seconds and
then the lid was set on top of the powder with the probe in the concave portion of the lid
(Figure 44). The testing was then performed through a heating ramp from room
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temperature to 250ºC with 0.15N normal force and a frequency of 0.5Hz with amplitude
0.1N.
4.2.6 Welding and Annealing Experiments
Double-network samples for welding studies were produced using 1 mm thick PA6
film substrate as described in section 4.2.1. Samples of both control PA6 as well as the
double-network samples were then stacked two layers thick and placed in a melt press.
They were compressed at 450 MPa and held at either 180ºC or 200ºC for varying lengths
of time. Following compression, the samples were removed from the press and tested to
see if the two layers were adhered. This would indicate if crosslinking occurred at the
interface.
In addition to the welding experiments, a single-layer sample was held at 250ºC for
18 hours under vacuum. This sample was then tested via DMA and compared to a sample
that had not been heated. This test was performed to determine if temperatures exceeding
the melting temperature of the PA6 were necessary to achieve crosslinking in the doublenetwork sample.

4.3 Results and Discussion
4.3.1 Blocked Vinyl Isocyanates
Several blocked isocyanates based on IEM were synthesized as shown in Figure
63. Blocked isocyanates with volatile blocking agents such as methanol (IEM-OMe) and
TFE (IEM-TFE) were produced using excess blocking agent which was then removed via
evaporation following completion of blocking. Blocked isocyanates created with n116

hydroxysuccinimide and p-cresol were blocked in solvent with excess blocking agent. For
these samples, the resulting blocked isocyanates were insoluble in the solvent and would
precipitate. This precipitate was then washed with the same solvent to remove any excess
blocking agent. Finally, blocking performed with cyclohexanone oxime (IEM-CHO) and
ε-caprolactam (IEM-e-cap) was carried out using 99.5% by mole of the blocking agent
with respect to IEM. These samples were reacted until there was no further change in the
FTIR spectrum as shown in Figure 64, and were then finished by adding an excess of
methanol to block any residual unblocked IEM. The methanol was then removed via
evaporation.

Figure 63: Experimental conditions for blocking of IEM methacrylic isocyanate. Note the
physical characteristics of the resulting blocked isocyanate below each product.
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As seen in Figure 63, two of the blocked isocyanates, those produced with nhydroxysuccinimide and p-cresol, were solids that were insoluble in methanol. Methanol
is the co-solvent which is used during the scCO2 process to create the double-network
materials, and so these blocked isocyanates, being methanol insoluble, were excluded from
the study. For all blocked isocyanates that did not precipitate during their production, FTIR
was used to determine the extent of reaction. As shown in Figure 64, there is a large
characteristic peak at approximately 2250 cm-1 indicative of the NCO stretching. As the
blocking proceeded this peak would decrease before finally disappearing completely when
blocking was finished, as shown in the figure. The disappearance of the peak for blocking
with ε-caprolactam, as shown, took place following stirring at 50ºC for approximately 70
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Figure 64: FTIR spectra of IEM and the product of blocking IEM with caprolactam. Note
the absence of the large peak at 2250 cm-1 corresponding to N=C=O stretching in the
reaction product.
IEM-e-Cap was also tested via NMR to confirm that the methacrylate functionality
did not decrease during the long reaction process. The results of this testing are shown in
Figure 65. As can be seen, peaks b and c, corresponding to the protons on the methacrylate
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double bond, have the correct integration value, when compare to the other peaks, to
indicate that practically no methacrylate functionality has been lost. One other result of
note is that there was residual methanol present in the sample, even following extensive
drying. This methanol was present at approximately 1% by mass in the final monomer.

Figure 65: 1H NMR spectrum of IEM-e-Cap, showing no significant decrease in the
methacrylate functionality. Additionally, approximately 1% by mass methanol is still
evident in the sample.
Double-network samples produced with blocked isocyanate functional monomers
were processed as discussed in section 4.2.3. Following processing with methanol and
scCO2 the samples, with the exception of the powdered samples, were washed and dried.
The results of the production are shown in Table 16. In a small number of double-network
samples (IEM-ε-Cap, IEM-CHO, and IEM-CHO/HEMA) a fault in the pump providing
pressure to the system resulted in a slow drop in pressure during processing until
discovered, however, even samples with pump faults showed significant mass increase. As
can be seen from the table, all blocked isocyanate monomers as well as their mixtures with
HEMA resulted in mass uptake of the PA6 substrate.
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Table 16: Mass uptake results of double-network production using both blocked
isocyanates as well as mixtures of blocked isocyanates and HEMA.
Modifier

Co-Solvent
/Comment

Conditions

Observation

Final Mass %
Modifier

HEMA

Methanol
50vol%

28MPa/75°C/24hrs
28MPa/115°C/15hrs

PA Swollen
(61% mass
increase)

38%

IEM-Ome

Methanol
50vol%

28MPa/75°C/24hrs
28MPa/115°C/15hrs

PA Swollen
(44% mass
increase)

31%

IEMOme/HEMA
50/50mol%

Methanol
50vol%

28MPa/75°C/24hrs
28MPa/115°C/15hrs

PA Swollen
(41% mass
increase)

29%

IEM-ε-Cap

Methanol
50vol%

28MPa/75°C/24hrs
28MPa/115°C/15hrs

PA Swollen
(19% mass
increase)

16%

IEM-εCap/HEMA
50/50mol%

Methanol
50vol%

28MPa/75°C/24hrs
28MPa/115°C/15hrs

PA Swollen
(47% mass
increase)

32%

IEMCHO/HEMA
50/50mol%

Methanol
50vol%

28MPa/75°C/24hrs
28MPa/115°C/15hrs

PA Swollen
(21% mass
increase)

17%

IEM-CHO

Methanol
50vol%

28MPa/75°C/24hrs
28MPa/115°C/15hrs

PA Swollen
(22% mass
increase)

18%

IEM-TFE

Methanol
50vol%

28MPa/75°C/24hrs
28MPa/115°C/15hrs

PA Swollen
(14% mass
increase)

12%

4.3.2 Thermal Analysis
All liquid, methanol soluble, blocked isocyanates were radically polymerized
through their methacrylate functional groups and the resulting homopolymers were tested
via TGA to determine their deblocking temperature as shown in Figure 66. All the blocked
isocyanate polymers showed characteristic double peaks as depicted in Figure 62. Based
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on the onset temperature of deblocking, IEM-e-Cap was determined to be the most
appropriate for further testing. This was based on the requirements for SLA printing. IEMCHO had a low onset temperature that may cause it to crosslink at the bed temperature of
the printer, and IEM-OME and IEM-TFE deblocked at what might be too high of a
temperature given the melting point of PA6.
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Figure 66: TGA curves of the polymers created from the liquid blocked isocyanate
monomers.

In addition to TGA being performed on the homopolymers of the blocked
isocyanates, a copolymer was produced with equimolar amounts of IEM-e-Cap and
HEMA. HEMA was included to add hydroxy functional groups to the polymer so that
crosslinking could occur. This copolymer was polymerized neat and was also used to
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produce a PA6 double-network sample (32% by mass copolymer) from 0.5 mm PA6 film.
In addition, to confirm that any TGA results were not solely do to the presence of HEMA,
the double-network sample produced from PA6 and HEMA (38% by mass) alone was also
tested. TGA was then performed on these samples and compared to control PA6 as shown
in Figure 67.
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Figure 67: TGA curve of both the neat copolymer produced from caprolactam blocked
IEM and HEMA, as well as the double-network sample produced form the copolymer and
PA6. Control PA6 is also displayed. The double-network sample shows the same mass loss
trends, although to a lesser extent.
As can be seen from Figure 67 the TGA results from the double-network sample
show the same trend as the neat copolymer, albeit on a smaller scale. This would be
expected of a material that is 32% by mass the copolymer. Additionally, even though there
was significantly higher mass uptake in the double-network sample produced with only
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HEMA, the HEMA sample shows less degradation than the copolymer double-network
sample at comparable temperatures, and a higher degradation onset temperature than the
samples containing blocked isocyanates. These results indicate that not only is the mass
increase copolymer, including blocked isocyanate, but also that at least some of the
blocking agent is coming out of the double-network sample, as evidenced by the first drop
in mass before the degradation onset of HEMA.
While TGA can indicate if deblocking is occurring, it is unable to show if
subsequent crosslinking is taking place between the HEMA, and the newly deblocked
isocyanate groups. To better understand this, DSC was also run on both the neat copolymer
as well as the double-network sample used for TGA above. The results can be seen in
Figure 68.

Figure 68: Left) First and second DSC heating curves of the neat copolymer of IEM-e-Cap
and HEMA. Results show significant exotherm on the first heating and an increased Tg on
the second heating, indicating crosslinking. Right) Comparison of first and second heating
scan of control PA6 and the double-network material produced using PA6 and the IEM-eCap/HEMA copolymer.
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The plot on the left of Figure 68 shows the first two heating scans of the neat
copolymer from 0ºC to 225ºC. The heating scan was not extended above 225ºC because
the sample had begun to volatilize by that temperature, as demonstrated in the TGA results.
The DSC traces for the copolymer show an exotherm starting at 150ºC and extending past
225ºC, and a Tg at approximately 79ºC during the first heating scan. This exotherm
indicates that a reaction is occurring, which may indicate crosslinking. On the second
heating scan, very little, if any, exotherm occurs above 150ºC, and additionally, the Tg has
increased to approximately 124ºC, an increase of almost 50ºC from the first heating scan,
further indicating that crosslinking has occurred.
The plot on the right of Figure 68 displays the first heating and cooling scans of
both the double-network sample, as well as the control PA6 film. It is immediately
noticeable that the exotherm that was evident in the neat copolymer is not evident in the
double-network sample. Some of this might be explained by the exotherm getting drowned
out by the melting endotherm of the PA6, but even before the endotherm begins, no
reaction exotherm is evident. This may indicate that while the neat copolymer reacts to
form crosslinks, some effect of the double-network system prevents this, or at the very least
prevents it from occurring at the same temperature as in the neat copolymer. Additionally,
when the melting endotherms were integrated, it was found that the percent crystallinity of
the control PA6 was approximately 29% while the percent for the double-network sample
was approximately 20%, which would be expected of a material which is only 68% PA6.
This is also in agreement with the results from Chapter 3 and again indicates that the
crystalline domains of the PA6 are not modified during the polymerization of the secondary
polymer.
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4.3.3 Mechanical Analysis
To continue investigating if crosslinking is occurring in the double-network
sample, DMA was run on the 32% copolymer double-network sample. This was done to
determine if crosslinking was occurring but not causing sufficient exotherm to be noticed
in the DSC data. The results of DMA testing are again compared to the control PA6 film
in Figure 69.

Figure 69: Comparison of DMA heating scan results for control PA6 and the doublenetwork material produced using PA6 and the IEM-e-Cap/HEMA copolymer. The doublenetwork material shows a higher storage modulus at lower temperatures, and a lower
modulus above the Tg. Additionally, the Tg was significantly increased for the doublenetwork sample.
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The double-network sample has a higher starting modulus, which is not unexpected
when adding a glassy methacrylate copolymer to its amorphous regions. As the temperature
increases and the Tg of the double-network sample is exceeded, the modulus then falls
below that of the control PA6. Both samples pulled apart at approximately 205ºC, which
is above the onset temperature for melting of the PA6, as can be seen in DSC results (Figure
68). The double-network sample also has a Tg approximately 35ºC higher than the control
PA6. Again, as in Chapter 3 when styrene was used as the modifier, the increase in Tg does
not seem to follow the Fox Equation.63 The Tg of the neat copolymer was approximately
79ºC via DSC and the Tg of the PA6 is approximately 48ºC from the DMA data above.
According to the Fox equation this would lead to a Tg of approximately 58ºC for a miscible
polymer system. Much like the materials in chapter 3, the Tg of the double-network system
is higher, indicating lower mobility as compared to the two individual polymers that make
up the double-network.
There were no indications that crosslinking took place during the temperature ramp
of DMA testing. If crosslinking had occurred in the double-network sample some expected
results could have been an increase in modulus at higher temperatures, or the material
remaining intact to a higher temperature in the DMA than the control PA6, neither of which
occurred.
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In addition to testing the changes in mechanical properties with respect to
temperature, the room temperature mechanical properties were also tested via tensile
testing. Tensile bars were processed (Figure 70) as discussed in section 4.2. and during
processing a range of mass uptakes resulted based on the positions of the tensile bars within
the reactor. The results of the tensile testing can be seen in Figure 71.
10mm

PA6 Control

PA6/p(IEM-e-Cap)/p(HEMA)

Figure 70: Image of control PA6 tensile bar and tensile bars after processing to produce
the double-network with the IEM-e-Cap/HEMA copolymer.

Figure 71: Instron testing of two control PA6 samples and three double-network samples
produced from the IEM-e-Cap/HEMA copolymer. Left) Full curve showing the strain at
break for PA6. Right) Zoomed in on the results for the double-network samples.
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As with the polystyrene/PA6 double-network materials discussed in Chapter 3, the
addition of the methacrylic copolymer network to the PA6 resulted in an increase in
modulus, and a decrease in the elongation at break. However, unlike the materials of
Chapter 3, the double-network materials made from the glassy methacrylates resulted in a
decrease in yield stress. The results of the testing can be seen in Table 17.
Table 17: Mass uptake and mechanical properties of both PA6 control samples and doublenetwork samples produced form the IEM-e-Cap/HEMA copolymer
Specimen

Mass Increase
(%)

Modulus
(MPa)

Yield Stress
(Mpa)

Ɛbreak

PA6 Control I

-

730

37

2.29

PA6 Control II

-

720

35

1.96

PA6/IEM/HEMA I

68

980

14

0.018

PA6/IEM/HEMA II

57

1350

19

0.022

PA6/IEM/HEMA III

43

1530

25

0.041

4.3.4 Powder and Sintering Analysis
To test the sintering properties of the resulting double-network materials made with
the blocked isocyanate copolymer, samples were made from PA6 powder as discussed in
section 4.2.4. The nickel foam sleeve was successful in containing the powder during
polymerization. The resulting sample can is shown in Figure 72.
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Figure 72: Top) Processed double-network powder sample still within the nickel foam tube.
Bottom) Sample removed from tube. Showing powder adhered with residual insoluble
copolymer.
Following polymerization, it was found that the powder had become adhered by the
resulting copolymer. This copolymer was found to be insoluble in all attempted solvents,
possibly indicating that some crosslinking occurred during polymerization. Whether this
crosslinking was a result of the blocked isocyanates reacting, or from side reactions during
the polymerization of the methacrylates is unknown. However, it was found that the
residual copolymer was swelled by chloroform. To remove the powder from the insoluble
residual copolymer, the sample was immersed in 10 mL of chloroform and stirred for 1.5
hours. This stirring allowed the residual copolymer to swell and be broken up and dispersed
into small particles in the chloroform. After stirring, approximately 7ml of toluene was
added to the vial and lightly shaken. This solution was allowed to sit for ten minutes.
During this wait, a portion of the sample rose to the top of the vial based on density. The
powder that rose to the surface was collected and dried. PA6 is not swollen appreciably by
chloroform or toluene, and the residual copolymer was not appreciably swollen by toluene,
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and so when the toluene was added to the chloroform all particles swollen by the
chloroform remained higher in density than the solution, while all particles not swollen
(containing PA6) had a lower density, causing them to rise. The resulting double-network
powder can be seen in Figure 73. The figure shows that the modified powders look very
similar to the original PA6 powders, and do not show any indication of residual copolymer
adhered to the surface.
PA6 Powder

PA6_IEM-e-Cap_HEMA

Figure 73: Left) Control PA6 powder before processing. Right) Cleaned double-network
powder samples produced from the IEM-e-Cap/HEMA copolymer.
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The processing method required to separate the double-network powders precluded
using the final weight of the dried material to determine the mass uptake of the powders.
However, as shown previously in section 4.3.2, the percent crystallinity can be used to give
an accurate percentage of PA6 in the final double-network material. DSC testing was
performed on both the control PA6 powder and the modified sample (Figure 74).

Figure 74: Comparison of first and second heating scan of control PA6 powder and the
double-network powder sample produced using the IEM-e-Cap/HEMA copolymer.
It was found, by integrating the melting endotherms, that the percent crystallinity
of the PA6 powder is 28.6% by mass, while the percent crystallinity of the modified sample
is 26.7% by mass. This indicates that the sample increased in mass by 7.4% resulting in a
sample that is 7% by mass blocked isocyanate copolymer.
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Following separating and drying of the powdered sample, TMA was performed
using the confined TMA method outlined in section 4.2.5 (Figure 75)

Figure 75: Results of confined TMA testing for sintering properties. Right) Normalized
density vs. temperature for control PA6 powder, showing thermal expansion and
densification at the melting point. Bottom) Normalized density vs. temperature for doublenetwork powder sample produced using the IEM-e-Cap/HEMA copolymer, showing
densification at both the Tg of the sample and the melting temperature.
Figure 75 shows plots of the density vs. temperature, overlaid on the DSC trace, for
both PA6 and the double-network powder sample. The density has been normalized by
dividing by the density of amorphous PA6.64 As can be seen from the plots, the density of
the control PA6 decreases slightly as the sample heats, due to thermal expansion, and then
at the melting point of the PA6 the density increases dramatically, correlating to melting
and densification of the powder via loss of the voids between particles. The double-network
powder also shows a densification at the melting point, but also has an additional
densification at the Tg. This second densification indicates that even at low levels of the
modifying secondary polymer, in this case the blocked isocyanate copolymer,
modifications to the sintering properties can occur.
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4.3.5 Welding and Annealing Experiments
Samples were produced for welding experiments (Figure 76), and the average mass
uptake in these samples was 10%. Following production, the samples were cut into 1 cm2
squares and stacked. They were then processed in a melt press at 450 MPa and the
temperatures and time denoted in Figure 77. These tests were performed in order to
determine if interfacial welding took place between the stacked layers.

Figure 76: Before and after images of samples used for welding experiments. The samples
on the right have undergone processing using the IEM-e-Cap/HEMA copolymer.

Figure 77: Before and after images of welding experiments. The samples on the right all
easily separated, indicating little to no interfacial crosslinking.

As can be seen from Figure 77, all samples easily peeled apart. This indicated that,
at least at these temperatures and times, crosslinking did not occur in sufficient amounts to
cause adhesion between the layers.
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Two-layer welding could not be performed at temperatures above the melting
temperature of PA6 because any adhesion might have then been due to melting and chain
entanglement. To test above the melting temperature, a sample in a single layer was placed
in a mold in a vacuum oven and heated under vacuum at 250ºC for 18 hours. This test was
performed to see if any crosslinking takes place under extended heating at high
temperatures. Following the heat cycle, the sample was tested via DMA testing.
Additionally, a sample of the same double-network material that was never heated was also
tested as a control. The results can be seen in Figure 78.

0.30

Control
250°C Vacuum

0.25

1000
0.20

0.15

100

Tan Delta

Storage Modulus (MPa)

10000

0.10
10
0.05

1

0

25

50

75

100

125

150

175

200

225

0.00
250

Temperature (°C)
Figure 78: Comparison of DMA heating scan results for the double-network material
produced using PA6 and the IEM-e-Cap/HEMA copolymer both with and without (control)
18 hours of annealing at 250ºC. The annealed sample shows a significantly increased
storage modulus through the entire temperature range as well as an increased temperature
at failure, which indicates possible crosslinking.
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As can be seen from the figure, the annealed sample shows a significantly increased
storage modulus through the entire temperature range as well as an increased temperature
at failure, which indicates possible crosslinking. This shows that the deblocking and
subsequent crosslinking of blocked isocyanates, when used in a double-network with PA6,
may occur at significantly higher temperatures than the for the case of the neat copolymer
made from the blocked isocyanate. It is unclear why this would be the case, but it could be
a result of steric hindrance within the double-network material, or an effect of the polar
nature of the PA6.

4.4 Conclusions
Methacrylate functional isocyanates were found to be easily blocked by several
blocking agents. Many of these blocked isocyanate monomers were also soluble in
methanol. Homopolymers and copolymers were created using the blocked isocyanate
monomers as well as HEMA, which was added for its hydroxyl functionality. DSC testing
indicated that the copolymers produced with IEM-e-Cap and HEMA underwent
crosslinking, which led to an increase in the copolymer Tg. Blocked copolymers were also
used to form double-network samples using PA6 as a substrate. TGA testing indicated that
deblocking and volatilization of the blocking agent occurred at elevated temperatures for
these double-network samples. The incorporation of the methacrylate polymer within the
PA6 increased the modulus of PA6 at room temperature but led to a decrease in modulus
above the Tg. Powdered samples were produced and showed a two-step sintering profile as
opposed to the single step showed for PA6. Below the melting temperature of the doublenetwork material, even at long times, no appreciable crosslinking was evident in welding testing.
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However, when held above the melting temperature for extended periods of time, the sample
increased in modulus as well as temperature at failure in DMA testing, both of which indicate that
some amount of crosslinking had occurred. These results suggest that crosslinking of a PA6 doublenetwork is possible using blocked isocyanates, but that the crosslinking temperature is significantly
increased when the blocked copolymer is within the PA6.

4.5 Future Opportunities
There are several areas of future research that could be undertaken following this
study. One possibility would be investigating other blocking agents for use in doublenetwork materials based on PA6. It is possible that, because the data indicates that
crosslinking temperature is increased within the PA6, blocking agents that deblock at lower
temperatures than caprolactam may be more appropriate for use with PA6. Additionally,
as suggested in the introduction, other latent and reversible bonds could also be
investigated. One example would be producing acrylate monomers that can undergo DielsAlder chemistry and using those in place of the blocked isocyanates.
As discussed in Chapter 3, polymers which are grown within the PA6 using this
method are capable of covalently grafting to the PA6. This could be further investigated
for reactive additives. This may lead to situations where even small amounts of mass uptake
can lead to PA6 based polymers that have reactive groups covalently bonded to the polymer
backbone.
Finally, the deblocking and subsequent crosslinking in the double-network samples
could be studied via heated IR as well as other chemical testing methods to determine the
temperature and time scale actually required to achieve crosslinking within these systems.
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